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Abstract 
To generate tunable multi-wavelength picosecond optical pulses for 
applications in different areas such as optical sensing, optical measurement, and 
wavelength-division-multiplexing communications, several schemes of self-seeding 
configurations have been developed. All-optical switching of wavelength has also 
been demonstrated in self-seeded and externally injection seeded laser diodes. 
First, a tunable pulse source capable of both single- and multi-wavelength 
oscillations has been generated by self-injection seeding of a laser diode using a 
diffraction grating. A side-mode-suppression ratio of about 20 dB has been obtained 
in the outputs. The key element in our setup is a wavelength multiplying stage 
consisting simply of 50/50 beam splitters, a diffraction grating, and a mirror. The 
maximum number of available wavelengths increases rapidly with the beam splitters. 
Our scheme can be adopted for use in high-speed wavelength switching. 
Another self-seeding configuration to generate tunable multi-wavelength 
picosecond pulses has been demonstrated using a highly dispersive fiber in an 
extended external cavity. The cavity allows simultaneous feedback of upto four 
wavelengths into the laser diode for mode selection. A tunable spectral spacing of 
about 20 nm among the wavelength channels can be obtained. The optimized output 
side-mode-suppression is higher than 20 dB. Different channels in the output are 
separated temporally and can be individually accessed for modulation. 
In all-optical switching, a novel approach for high-speed switching of 
wavelengths selected by self-seeding and additional injection seeding of a 1.52 p,m 
Fabry-Perot laser diode has been proposed. The idea depends on the inherent gain 
competition between two cavity-mode oscillations in the FP-LD. Two-wavelength 
switching up to 300 kHz is demonstrated by injecting different light signals into the 
VI 
LD. The characteristics of the optical spectrum, the pulse width and the switching 
speed are also investigated. 
Last, wavelength-tunable switching among different channels in hundreds of 
MHz range has been demonstrated by the self-injection seeding mechanism. The 
different wavelength components have been switched by sequentially feeding back 
temporally separated cavity modes to the laser diode. The spacing between different 
wavelengths has been tuned by adjusting the electrical modulation frequency and the 
length of the dispersive fiber cavity. In addition to the spectral and temporal profiles, 
the switching characteristics such as the output pulsewidth, the side-mode-suppression 
ratio, the tuning rate, and the effect of the fiber length have also been investigated. 
VII 
摘要 
現今在光學量度和通訊等方面，可調頻多波長皮秒光脈沖(1皿31)16 
multi-wavelength picosecond pulse)有著重要的應用°在硏究過程中’利用 
「自注入」（self-seeding)技術，發明了多個薪新的光學系統。除了可利用 
作爲一個多波長的光源外，全光學開關(311-0?1丨031 3*丨1(：1^。8)亦是重點硏 
究的項目。 
首先，利用衍射光柵((^丨丨卩&(：1；丨00叾『31：丨11目)的光譜分解原理，產生 
一個或多個波長的光源。每個波長的「邊模壓制比」（side-mode-suppression 
^1;丨0)都超過20(^�主要的組件包括分束器化6301 s p l i t t e r ) �衍射光栅和一 
面平面反射鏡(mirror)。只要增加一分束器，波長的數目便能增加一倍之多。 
另外，一個可調頻多波長的脈沖光源是利用一段高色散光纖化丨8卜17 
dispersive ^5610的光色散，令不同的縱模（10118^0(^朋1 •0(16)在時域 
(time 3003丨10上分開，從而產生不同的波長°在實驗中，多至4個波長能調頻 
超過20皿。通過適當的調節(^)31^31丨010，不同的波長組合亦能由同一個實驗 
裝置所產生。 
此外，利用「自注入」和「外注入」（injection 3663丨^8)在同一激 
光器（1836[ 3丨0(16)的「模式競爭」（gain ^矶1)6^“010槪念，產生一個全新 
的高頻全光學轉換器。通過外來加入已調節的光訊號，兩個不同波長能以 
300kHz中互相轉換°在實驗中亦有就光譜的特性、脈沖的闊度和轉轍的速度作 
了硏究。 
最後，設計出一個薪新的「自注入」系統用作爲產生一個可調頻多 
波長的轉換器。原理是在時域上連續反射多個不同的訊號回到同一激光器中， 
從而令多個波長互相轉換。通過改變電頻(616011~丨031 £[6卩11600丫)和光纖的長 
度，不同波長的轉換組合亦能產生°除了脈沖在光譜上和時間上的特性外，脈 
沖的闊度、邊模壓制比、調節範圍(1皿丨118 ”&16)和光纖的長度關係亦作了深 
入的硏究。 
(Abstract in Chinese Version) 
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Chapter 1 
Introduction 
1.1 Tunable Multi-Wavelength Optical Sources 
Tunable multi-wavelength optical sources are most desirable in a wide range of 
applications, such as the use in time-resolved spectroscopy to yield new information 
about fundamental properties of materials, identifying transient species, characterizing of 
new nonlinear optical materials, studying the dynamics of optical systems, wavelength-
division-multiplexing communications, optical data processing, optical sensing, optical 
measurement and polarization-independent optical switching [l-8]. 
In the past few decades, mode-locked dye [9] and solid state lasers [10] have been 
major sources to provide picosecond pulses in the visible and near infrared region with 
limited tuning ranges. Tunable mid-IR laser pulses are more difficult to generate because 
of the lack of suitable laser media. It is well know that nonlinear optical effects can be 
employed for frequency conversion [11,12] and that both second-order and third-order 
nonlinear optical processes are commonly used [13]. It should be noticed that the 
frequency conversion by stimulated Raman scattering in molecular gases or atomic 
vapor. Hydrogen and methane are widely used as Raman shifters [14]. Stimulated 
electronic Raman scattering in alkali vapor has been employed to generate tunable mid-
IR radiation [15]. 
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Recently, there are some other methods for wavelength-tunable optical pulse 
generation by mode-locking erbium-doped fiber ring laser [16], utilizing supercontinuum 
in optical fiber [17], active mode-locked multichannel grating cavity laser [18], daul 
injection locking of a passively mode-locked fiber laser [19]. 
One of the relatively simple methods is self-injection seeding of a gain-switched 
laser diode. Unlike other schemes, no anti-reflection coating on the diode facet of special 
laser structure is required. Also, the tum-on delay time jitter can be reduced and the 
required feedback power is very weak (<3% of the output power) for single cavity mode 
oscillation. Self-seeding scheme first demonstrated by M. Cavelier et aL in 1992 [61]. 
Afterwards, several related work had been published on the generation of tunable laser 
sources, transform-limited pulse generation, the dynamics of self-seeding, the optimized 
operation of self-seeded laser diode and tunable dual-wavelength pulse generation [21-
26]. 
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1.2 All-Qptical Switching 
To modify the multi-wavelength optical sources, wavelength-tunable multi-
channel switching technique is vitally important in the special areas of optical time-
division multiplexing (TDM) and wavelength division multiplexing (WDM) 
communications, optical sensing, optical measurement, exclusive-OR modules and 
polarization-independent optical switching [27-30]. Hence, several research groups have 
shown much interest in the generation of multi-wavelength switching sources in the past 
decade. The following described the review of the previous works. 
1.2.1 Nonlinear Effect 
A Kerr modulator uses the change in polarization state that is caused by the 
intensity-dependent refractive index. Duguay and Hansan first used a bulk nonlinear Ken-
shutter for ultrafast sampling measurements [31], and Stolen et al. first demonstrated 
nonlinear polarization rotation in a fiber [32]. As a two-input device, a Kerr gate can be 
used as an ultrafast modulator [33] or an optical demultiplexer [34]. If a single input is 
used with soliton pulses, then the Kerr gate can act as an intensity discriminator [32] or 
and an optical limiter [35]. 
Morioka et aL have used the Kerr effect to demultiplex a train of 30 ps optical 
pulses from a gain-switched laser diode using control pulses from a mode-locked 
Nd:YAG laser[34]. Two problems of using long lengths of high birefringent fibers are: 
(1) polarization dispersion limits the effective interaction length for short pulses; and (2) 
the temperature-dependent birefringence causes polarization fluctuations of the signal 
pulse. Both of these limitations can be circumvented by canceling the overall 
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birefringence by splicing together two equal-length fibers with their axes crossed at right 
angles. For example, the Kerr medium consists of two 10m lengths of polarization 
maintaining fiber spliced together with crossed axes. Synchronizing the 82 MHz 
repetition rate of the pump laser at 1.06 \Lm to every 24'^  pulse of the 1.3 i^m probe laser 
diode (~2 GHz repetition rate) causes the pump to remove every 24'^ pulse. 
Utilizing the nonlinear effect, Aitchison et al. reported optical switching in two 
integrated nonlinear directional couplers cascaded together in series [36]. The directional 
couplers were fabricated from AlGaAs and operated at a wavelength of 1.53 jj,m, which 
corresponded to the half-band gap. The two devices were fabricated on the same chip, 
thereby eliminating coupling and reflection losses. Later, all optical switching was 
demonstrated by Asobe et al. using a peak power as small as 0.4 W. The approach 
depends on the nonlinear effect in an optical loop mirror constructed with chalcogenide 
glass fiber [37]. Demultiplexing of a 40 GHz pulse train to 4 GHz is demonstrated. 
1.2.2 Special Design of the Laser Structure 
Horer et al. fabricated a bistable two-section Fabry-Perot laser diode (FP-LD) and 
optimized the optical switching characteristics such as the gain and the switching contrast 
by special design of the laser structure [38]. All-optical switching gain (26 dB) and large 
contrast (18 dB) have been achieved simultaneously. Delorme et al. operated the optical 
switching between different wavelength channels on Distributed Bragg reflector (DBR) 
lasers using an electro-optical tuning section [39]. Using electrical voltage to tune the 
wavelength, the shortest switching time between different wavelength channels, 
independently of the wavelength shift of 500 ps, was reported on DBR laser. By 
1-4 
Introduction Chapter 1 
introducing the addition of large barriers into conventional InGaAs(P)/InP SCMQW 
structures, Knorr et aL demonstrated the optical switching mechanism in p-i-n separate 
confinement multiple quantum well (SCMQW) structures [40]. 
1.2.3 Self-Iniection Seeding of Fabry-Perot Laser Diode 
Lately, self-injection seeding provides another attractive way to achieve 
wavelength-tunable optical switching. Huhse et al. demonstrated switching between 
different wavelengths at a frequency of 10 kHz by using two half-period delay external 
cavities for gain-switching and self-seedmg of a 1.5 ^m FP-LD [41]. Using a 3 dB 
coupler and two extemal gratings, a cavity with two different feedback wavelengths is 
formed. These two gratings are located at different distances from the laser diode, leading 
to the desired time delay between the two different feedback wavelengths. However, a 
common problem in the above self-seeding techniques is that several round-trip periods 
are required for stabilization of single wavelength oscillation. Thus, the switching speed 
is limited to the tens of MHz range using an extemal cavity of about one meter. 
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1.3 About this project 
The aim of this project is to develop novel and effective configurations for the 
generation of tunable multi-wavelength sources. To extend the ideas, tunable-wavelength 
multi-channel switching schemes are also experimentally demonstrated. 
In this project, first, the historical background and some applications of tunable 
multi-wavelength picosecond pulses have been discussed. In chapter 2, the basic 
principle of gain switching, self-seeding and injection seeding are studied. In chapter 3, 
tunable multi-wavelength optical pulses have been generated using a wavelength 
multiplying stage. Another novel self-seeding configuration for tunable multi-wavelength 
optical pulses is demonstrated by using a highly dispersive fiber and an extended extemal 
cavity and is described in chapter 4. In chapter 5, the advantages and disadvantages of 
both methods are compared in the terms of sensitivity, stability, and tunability. The all-
optical switching schemes are described in chapters 6 and 7. One approach makes use of 
gain competition between the wavelength selected by self-injection seeding and external 
injection seeding. The work is shown in chapter 6. The other approach described in 
chapter 7 is developed using a novel self-seeding scheme for tunable multi-channel 
switching in an FP-LD. Switching frequency up to 850 MHz has been experimentally 
demonstrated. The comparison of the two schemes has been discussed in chapter 8 
Finally, a conclusion is given in the last chapter. 
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Chapter 2 
Basic Theory 
2.1 Mechanism of gain-switching 
2.1.1 General Description 
Short optical pulses with pulse width less than 50 ps can be conveniently 
generated in semiconductor laser by directly driving the laser diode with large amplitude, 
fast electrical pulses, a technique known as gain-switching [42,43]. 
RF synthesizer d.c. bias 
/pulsegenerator :…..…L.. ^e^conductor 
i k \ laser diode 
© v > — H ± y < H 
amplifier bias tee ^ 
Fig. 2.1 The general setup ofgain-switching technique. 
In contrast to mode locking and Q-switching techniques, gain switching has the 
advantage that no external cavity and no sophisticated fabrication technology are 
required. The idea of gain switching originated from observations of relaxation 
oscillations when turning on a diode laser from below threshold using electrical pulses 
with a fast leading edge. It was noticed that the optical pulsewidth was considerably 
shorter than the electrical pulse. Gain switching consists of exciting the first spike of 
relaxation oscillation and terminating the electrical pulse before the onset of the next 
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Spikes. It means that the electrical pulsewidth should be rather short and should lie in the 
picosecond or nanosecond time range. The most popular electrical driving sources for 
gain switching are comb generators, picosecond photoconductive switches, and 
avalanche transistor generators. Li this case, a typical pulsewidth of electrical pulses is in 
the range of 50 to 1000 ps. Alternatively, the modulation of a laser biased below 
threshold with a large sinusoidal signal at subgigahertz or gigahertz frequency also results 
in gain-switched optical pulses. 
The generation of ultrashort light pulses by a gain-switched diode laser is 
illustrated in Fig. 2.2. 
Current A 八 
> U L J V ⑶ 0 - - ^ 
. 0 500 1000 1500 2000 
Carrier 
density 广. 
^ b z f c i E z i ^ - . (b) ‘ , _ 
0 500 1000 1500 2000 
Optical 
power 
(C) 
y 
/i 」、 
0 500 1000 1500 2000 
Time (ps) 
Fig- 2.2 Mechanism ofgain switching: The time domain of(a) the applied current, (b) the 
carrier density, and (c) output pulses. ‘ 
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The dc bias and pulsed current are assumed to be applied on the laser as 
presenting in upper trace of Fig. 2.2(a) which is biased way below the threshold. The 
initial rate of increase in photon density is very low due to its low initial value. Without 
being significantly consumed by stimulated emission, injected electron rapidly build the 
carrier density upto a level above the conventional lasing threshold, thus resulting in an 
inversion situation similar to that at the beginning of Q switching (point A in Fig. 2.1(a)). 
Then lasing occurs and represses the increase in carrier density, and consequently, n(t) is 
pulled down to ",. The pulse energy, peak power, and pulse width of the ensuing optical 
pulse can be derived using an approach parallel to conventional Q switching analysis. 
The analysis of basic dynamic phenomena in a diode laser can be expressed by a set of 
nonlinear rate equations that connects the photon density p in the cavity with the carrier 
density n as follows: 
dn _ J n A{n - n � ) p 
Yt~~^~V^ 1 + ep (2.1.1) 
dp A(n-nJp p 
r 1 + 印 ' V / ^ ' (2.1.2) 
where n and p are the carrier and photon densities, r, and T" are the carrier and photon 
lifetime, A is the gain constant, J is the injection current density, n<, is the carrier density 
for transparency, p is the spontaneous emission factor (-10'^), and e is the gain 
compression factor (-10"^^cm"^). 
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2.1.2 Optical Pulsewidth, Spectra, and Frequency Chirping of Gain-
Switched Pulses 
The optical pulsewidth is strongly relied upon the driving condition of the gain 
switching technique. If the laser is under the unbiased situation, a large initial inversion 
will be achieved by having a long delay in the onset of stimulated emission. However, if 
the drive pulse contains a relatively small amount of charge, it has been observed that the 
shortest optical pulse is obtained when the laser is biased slightly below threshold. It is 
attributed if biased above threshold, a large amount of pre-existing stimulated emission 
will clamp the maximum inversion at a level not much higher than the threshold level. On 
the other hand, the limited amount of charge delivered by the current pulse may not be 
able to make a substantial positive inversion, thus leaving the optimum bias point to be 
slight below threshold. 
The optical bandwidth of picosecond pulses is another key parameter that plays a 
crucial role in a number of applications of gain-switched lasers. As shown in Fig. 2.2(b)， 
the carrier concentration experienced large variations during the emission of a gain-
switched pulse. Hence, the refractive index in the laser cavity should vary as well. 
The bandwidth under gain switching exceeds the bandwidth under CW operating 
conditions as experimental demonstrated in Fig. 2.3(a). For gain switching operation, the 
spectral line of each mode is broadened as illustrated in Fig. 2.3(b). 
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m I 
• • _ ‘ I •乂 • • • • • I N^ . . 
1519.4 1519.6 1519.8 1520 1520.2 1519.4 1519.6 1519.8 1520 1520.2 
wavelength / nm wavelength / nm 
Fig. 2.3 One ofthe cavity mode ofan FP-LD (a) under CW operating conditions and (b) 
under gain switching. 
This can be explained that the time dependence of the laser wavelength is related 
to the time dependence of the carrier concentration due to the effect of free carriers on the 
refractive index of the semiconductor material. The instantaneous wavelength is related 
to the refractive index as 
Ht) = ^ K (2.1.3) 
1^0 
where _ and jj,,> are the refractive indices at time t and 0’ respectively. Free-carrier 
plasma refraction, band-gap shrinkage, and the dynamic Burstein-Moss shift are the 
principal mechanisms by which the carrier concentration affects the refractive index[44-
46]. 
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Although carrier-induced refractive index changes depend on a number of factors 
and the exact expression of “ as function of carrier density is very complicated, for 
simplicity that can be written as 
M(0 = ^ " ( 0 (2.1.4) 
Combining Eq. 2.1.3 and 2.1.4，one obtains for the wavelength chirp during the gain-
switched pulse 
A Q 儿“““A 
AA = ^ ^ A n (2.1.5) 
M. dn � 
with M = rii - Hf . Because d|j/dn has a negative value, the wavelength shifts toward 
longer wavelengths (so-called "red-shift"). In accordance with Eq. 2.15, the estimated 
linewidth broadening for gain-switched pulses is typically 0.2 to 0.3 nm. 
Due to the wavelength chirp, gain-switched pulses have a time-bandwidth product 
AvAv that is normally far from the theoretical limit for bandwidth-limited pulses, ]n 
general, the time-bandwidth product AvAv of optical pulses that are generated in diode 
lasers is given by the formula[40,41]. 
AT-Av = K{l + a ' y " (2.1.6) 
4 
where a is the linewidth enhancement factor and K is the constant that is different for 
different pulse shapes. Eq. 2.16 is based upon the assumption that during the emission of 
an optical pulse the carrier concentration decreases linearly with time. The linewidth 
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enhancement factor a, which describes the coupling of the susceptibility x{n), can be 
defined as[43,44] 
a = - 2 k ^ (2.1.7) 
dg/dn 
where k=2n/X is the free-space wavevector. Since d^/dn has a negative value, the value 
of a is positive. 
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2.2 Mechanism of Self-In1ection Seeding 
2.2.1 General Description 
For self-injection seeding, a gain-switched Fabry-Perot laser diode is coupled to 
an external cavity for monochromatic generation and then is fed back to laser diode. The 
basic idea of self-seeding is depicted in Fig. 2.4. The requirement for self-seeding is that 
the weak and quasi-monochromic feedback must arrive at the laser diode during the pulse 
buildups. After several round-trip periods, the stable and single-mode oscillation can be 
generated. 
feedback ~ ~： • , 」 laser output 
external > ga in-swi tched ^ 
cav i ty < F - P laser d iode 
laser emission 
Fig. 2.4 The basic idea ofself-injection seeding. 
I 
小 z :z ^f\ pho ton 
/ 丨 / r ^dens i t y 
inject ion | / \ 、 、 
current i j \ 、^ 
r . n ' . T T i f ^ v ^ ^ 
/ / ‘ \ back ref lected \ 
carr iers / 丨 \ ^ u l s e 
" ^ ^ ^ time Z 
Fig- 2.5 Mechanism ofself-seeding. 2-8 
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The mechanism of self-injection seeding is explained in Fig. 2.5. Commonly, the 
external cavity such as grating, prism, DCF etc. have been used to separate the cavity 
modes of the F-P laser diode and then feedback back during a narrow time window 
around t„ to small fluctuations in the electromagnetic field in the laser and thus to an 
additional optical input. Note that t„ is defined as the time, when the carrier density 
reaches threshold. The required feedback is weak and quasi-monochromatic. So, the 
feedback signal must arrive during pulse build-up, that is, before switching of the laser 
diode. Hence, the round-trip time in the external cavity must be close to, but slightly 
smaller than, a give multiple of the current modulation period. If some coincidence 
occurs between the injection frequency of a given cavity mode during pulse build-up, 
then the injection driven field will be further amplified and will dominate the noise-
driven fields corresponding to other modes. As a consequence, the stable single-mode 
oscillation is generated and different cases of mode selection may occur, depending on 
the frequency of the feedback pulse as well as its arrival time during pulse build-up. 
The arrive time is key element to affect the performance of self-seeding. Before t(, 
the laser is below threshold and any e.m. field is damped with a time constant in the 1-10 
ps range. After t(,, there is net gain in the laser and the photon number increases 
exponentially, such that stronger fluctuations or optical input are necessary to cause a 
significant change of the e.m. field. The width of the sensitive time window is the larger, 
the slower the carrier density grows. It can be calculated and measured and is in the range 
30-60 ps. Due to the width of this time window, the self-seeding is much less sensitive to 
changes in the repetition rate than mode locking. Also, at t(, only a few hundred photons 
per longitudinal mode are in the cavity, generated by spontaneous emission. If the photon 
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number is lower than average due to the statistical nature of the spontaneous emission a 
higher gain overshoot can be reached, resulting in a stronger optical pulse, which is 
emitted slightly later. Although feedback efficiency is low for self-seeding, the intensity 
of the additional light is sufficiently larger than the intensity of spontaneous emission 
present in the cavity. Consequently, fluctuations of the spontaneous emission intensity at 
t(, are almost completely suppressed in addition to the longitudinal mode selection. 
2.2.2 Dynamics of single-mode formation 
As discussed before, to achieve a large side mode suppression ratio the reflected 
pulse must arrive back at the laser diode during a narrow time window t„ around the time 
when the carrier density reaches threshold. At that time, the optical field in the laser is 
still dominated by spontaneous emission and a small amount of additional optical input is 
sufficient to control the output. However, the first pulse generated in self-seeding still 
shows the multi-mode oscillations. When the first pulse is fed back into the laser diode 
after spectral filtering the spectral output power in the selected longitudinal mode of the 
next pulse increases and decreases in the other modes. The accumulation of the spectral 
power in the selected mode continues until a stable state is reached. 
In fact, how many round-trips are required for stable single-wavelength 
operation? The answer can be found by the solutions of multi-mode rate equation [23] 
dN I N ^ ^ e …1� 
^ = - - - - I r v , ^ A (2.2.1) 
dt q T, , = _ 似 
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^ = r > � � , ( i - 4 z \ _ ) ^ . + f ^ - f + p,’,(0 (2.2.2) 
.y P 
The used parameters in Eq. 2.2.1 and 2.2.2 are listed below: 
Symbol Physical Quantity 
N Carrier number 
Si photon number of mode i 
gi Gain of mode i 
I Applied current 
Q Electron charge 
Ts Carrier lifetime 
2M+1 total number of modes 
厂 mode confinement factor 
v^  group velocity 
£ gain compression parameter 
V active layer volume 
P spontaneous emission factor 
Tp photon lifetime 
Ao,i differential gain of mode i 
No carrier number for transparency 
Ao peak wavelength 
Go modal gain factor 
0Cm mirror loss 
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The optical feedback term Pfb,i in Eq. 2.2.2 is zero except for selected mode k and 
Pfb,k = r • 0.5 • am • v^  • Sn],k(t). Note that r is the feedback efficiency. A parabolic gain 
profile is assumed to be 
^A,AN-N,) q , - A o ) % 
� ' = [ " " " y ^ ] (2.2.3) 
where Ao,i = Ao (1 - 0.013 ( A,- - Xoffset)) is used to account for the increase in the different 
gain on the short wavelength side of the gain spectrum. The simulation results show that 
four round-trip periods is required for stable single-mode oscillation. By the mode-
locking technique, the stable pulse emission appears after about hundreds to thousands of 
round-trips. Thus, self-seeding technique can be reached the stable state at least hundreds 
times faster than mode-locking technique. Hence, the fast wavelength switching can be 
potentially realized. 
2.2.3 Frequency Evolution of the Laser Diode for Cavity Mode Selection 
The number of cavity mode seeded in the output pulses are strongly depend on the 
strength of instantaneous frequency evolution and the arrival time of the feedback pulse. 
This phenomenon is explained in Fig 2.6. 
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Fig. 2.6 Solid curve: instantaneous frequency evolution ofa given diode cavity mode in 
the presence of small feedback and for strong current modulation. Dashed curve: 
theoretical frequency evolution corresponding to unsaturated gain. Thinner curves: 
schematic representations of gain switched pulse andfeedback pulse, the latter arriving 
during pulse build-up. T is the period ofmodulation, U and t2 are two times during pulse 
build-up, and t3 and t4 represent the beginning and the end of the gain-switched pulse, 
respectively. 
Fig. 2.6 schematically represents the instantaneous frequency evolution of a given 
cavity mode in the case of a semiconductor laser under strong current modulation. During 
pulse build-up, the frequency increases, as does the carrier density with injection current. 
In contrast, the carrier density rapidly decreases below threshold during the laser 
switches, and a strong downchirp is observed in the emitted pulse. From standard 
semiconductor laser theory [51,52], the variation of the cavity mode frequency Av are 
related to the carrier density variations AN through ziv = (a/47c)(TAAN), where a is the 
linewidth enhancement factor, T is the confinement factor, and A is the linear gain 
coefficient at the mode wavelength. Under strong current modulation, the maximum 
carrier density can be -1.5 times higher than the carrier density at threshold [42,53], so 
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that AN is in the range from 0.5 x 10^ ^ to 1 x 10'^ cm\By introducing the typical values 
of the laser parameters are: a = 5，T == 0.5，and A == 2xlO'6 cm"^  /s, which lead to frequency 
variations of 200-400 GHz during pulse build-up and pulse emission. These frequency 
variations are then comparable to-or even larger than-the cavity mode spacing (-150 
GHz) for semiconductor lasers with 250 to 300p,m cavity length. Hence, different cases 
of mode selection may occur and it depends on the frequency of the feedback pulse as 
well as its arrival time during pulse build-up. 
Pig 2.7(a) and (b) describe two cases of mode selection for two arrival times of 
the feedback pulse. 
1 , 2 , 3 , Y 
t i " — — ‘ — — i ^ 如、 t , 1 j _ _ ^ _ _ h l . v 
t2 ~ ~ ^ ~ ~ ^ ^ " " ~ - . L _ _ ？ . _ _ 3 | 
2 2 31 
t3 L i ^ J L _ ^ v t3 b , 
^ D_ow;Khi^  _^  2广一5"二—- ‘ 
- � 1. Downchirp 
t4 1 I 3丨 , V t4 _ i L , v 
Fig. 2.7 (a) and (b) Illustrations ofmodal selectionfor two different arrival arrow points 
to the feedback frequency V/, 1, 2 and 3 are three consecutive diode cavity modes 
considered at time ti, t2, t3 and t4 . Only mode 2 is selected in case (b), while modes 2 and 
3 are selected in case {c). The horizontal arrow in the bottom views represents the pulse 
downchirp during emission. 
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In the figures, a set of three cavity modes is considered at different times during 
one period of modulation: Assume t1,t2 are two times during pulse build-up, t3 is the 
switching time, and t4 corresponds to the end of the gain-switched pulse. The feedback 
pulse is let to be quasi-monochromatic, its frequency being the same in the two figures. 
In Fig. 2.7(a), the feedback pulse arrives at a time t2, not far from laser threshold. In this 
case, frequency coincidence only occurs with one cavity mode during pulse build-up [i.e. 
mode 2 in Fig. 2.7(a)]. The amplitude of this mode will be strongly enhanced and other 
modes will be suppressed if the feedback rate is sufficient. The net result will be the 
emission of a single-mode gain-switched pulse. In Fig. 2.7(b), the feedback signal arrives 
at time h in the early stage of pulse build-up. In other words, the round-trip time in the 
external cavity is significantly smaller than a given multiple of the current modulation 
period. Frequency coincidence may successively occur with two cavity modes during 
pulse build-up [i.e. modes 2 and 3 in Fig. 2.7(b)], leading to emission of a two-mode 
gain-switched pulse. This situation occurs if the frequency chirp of mode 3 exceeds one 
cavity mode spacing and the feedback pulse is long enough [i.e. the feedback pulse width 
is longer than t2-t1 in Fig. 2.7(b)]. Note that a progressive advance of the feedback pulse 
tends to initiate modes at higher frequencies. A reverse situation would occur in the case 
of negative chirp during pulse build-up. For semiconductor lasers, negative chirp or 
downchirp only occurs during pulse emission, which is illustrated by the bottom 
diagrams of Fig. 2.7(a) and (b) (laser spectra at time t3 and t4). 
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2.2.4 Tum-on Delav Time Jitter (TOJ) 
The tum-on delay time jitter (TOJ) can be greatly reduced by self-seeding 
schemes [54]. The TOJ stems from the fluctuations in the photon density during the 
buildup of the optical pulse, caused by random character of spontaneous emission. Using 
self-seeding for single-mode pulse generation, it is not only possible to avoid the increase 
in the fluctuations and the TOJ when going from multimode to single-mode operation, 
but to reduce the TOJ even below the value of a multimode laser. As described in Fig. 
2.5, the fluctuations of the photon number around t, cause the TOJ, while the fluctuations 
of the relative phase of the e.m. field in different longitudinal modes cause the random 
substructure of light pulses, emitted by Fabry-Perot laser diodes. 
A single-mode laser diode exhibits larger TOJ, because the number of photons at 
t„ in modes which participate in the laser emission is lower by a factor approximately 
equal to the number of modes of a FP laser (-20-30) [55]. This results in larger relative 
fluctuations of the photon number at t� . Due to the lower photon number in relevant 
modes a single-mode DFB laser suffers much stronger form spontaneous emission, thus 
exhibiting a larger time jitter. Hence, self-seeding technique is the preferable method to 
generate low TOJ singlemode pulse compared to a DFB laser diode. 
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2.3 Mechanism of injection seeding 
2.3.1 General Description 
The explanation of injection seeding is shown in Fig. 2.8. 
master laser slaver laser 
e.g. DFB LD e.g. F-P LD 
external 
, , injection ‘ . single-wavelength 
• . 二 • - 'k�-: ^ ^ — ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ * m ^ ^ ^ ^ * i ^ ^ 
^™^^" ^ ^ output 
Fig, 2.8 Mechanism ofinjection seeding. 
The single wavelength operation is achieved by using an external source 
oscillating at a single-wavelength to drive the laser. This external driver, referred to as the 
‘master laser’ may be a low-power single frequency laser which need not be essentially a 
semiconductor laser. The driver is coupled optically to the semiconductor laser to be 
driven, referred to as the ‘slave laser', so that its single wavelength radiation is introduced 
into the cavity of the resonator of this laser enhancing the generation of radiation at the 
same wavelength. As a result, a single mode of slave laser is ‘locked’. Similar as the self-
injection seeding, the influence of the injection signal is only effective during pulse build-
up, whereas it becomes negligible in the saturation regime. 
Fig. 2.9 compares the multimode spectrum emitted from CW FP-LD (Wuhan 
LDM5S813) to the spectrum obtained in the presence of injection with master laser (here 
1549.2 nm HP Lightwave Transmitter are used). The dc bias of FP-LD is 35 mA and the 
CW extemal injection power is about 100 p,W. 
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Fig. 2.9(a) Optical spectrum of CW operation ofFP-LD and (b) its injection-seeded by 
an external source. 
The mechanism of injection seeding is similar to the self-injection seeding. 
During pulse build-up, the carrier evolution is mainly controlled by the current injection 
and the laser gain regularly increases due to the accumulation of carriers in the active 
layer. The transition from the weak signal regime to the saturation regime occurs when 
the field intensities become sufficiently high to deplete the laser populations. At this 
switching time, the injection efficiency is evaluated by comparing the respective 
intensities of the two fields (one driven by injection and the field growing from 
spontaneous emission). If the spontaneous- emission-driven field is dominant, it can be 
expected that the laser emission is the same as in the absence of injection, that is, 
multimode. Ln contrary, if the injection driven field is dominant, it can be supposed that 
in the saturation regime the laser emission will have the same modal content as the 
injection driven field at gain-switching. Hence, single longitudinal cavity mode will 
oscillate in this condition. -
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2.3.2 The Model of Weak Injection 
For lower injection power (~3 orders of magnitude smaller than the peak intensity 
of the pulse F-P laser emission), the mechanism of self-injection seeding is similar to that 
of self-seeding as discussed before. Due to the injection power is weak, the carriers of the 
F-P laser diode will not be greatly varied by the external source. Thus, the optical length 
of the laser will not change and so the mode generations remains unchanged. Also, the 
single-mode spectrum presents approximately the same shape, the same width and the 
same position in wavelength whenever the injection wavelength is detuned in about 0.2 
nm. 
Using the weak injection seeding scheme, the optical switching by a gain-
switched FP-LD, which is injected two signals, is described in chapter 5. One is self-
injection seeded by a quasi-monochromatic feedback from a diffraction grating. The 
other is a modulated signal injected to another mode of the FP-LD. The major mechanism 
is attributed by the gain competition between two signals with different intensity. Note 
that the experimental results show that the process of modal selection induced by weak 
injection is fundamentally different from the classical frequency locking process 
implying strong injection. 
2.3.3 The Model of Strong Injection 
For a strong power injected within the small frequency window, the mechanism is 
greatly different from the weak injection power. The external optical power will causes 
the asymmetry of the transmission spectrum of the laser cavity mode. It is attributed by 
the coupling between the carrier density and the refractive index. Due to the injection 
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signal is very large and is resonantly amplified, decreases the carrier density by 
stimulated emission and increases the refractive index. So, the mode comb is slightly red-
shift compared to its original position. The small variation of the detuming between the 
probe and the laser mode leads to large changes in the probe transmission. 
Utilized the red-shift effect, the wavelength conversion has been achieved by J. 
Horer et al. by injection -locked a dc driven FP laser from two optical inputs [56]. One is 
a CW signal injected near to an FP mode and the other a modulated signal injected to 
another mode. The output signal at the wavelength of the CW light is switched by the 
second signal, and thereby information is transferred from one wavelength to the other. 
This switching mechanism can be used for different purposes, e.g., logically 
inverting wavelength conversion, noninverting wavelength conversion, and retiming of 
jittered data streams. In the case discussed above, the data are transferred from the input 
frequency to the output frequency. This means that the injection-locked laser works as a 
wavelength converter. The two modes used for conversion can be freely chosen within 
the gain spectrum of the laser. For the described adjustment of the probe detuning, 
logically inverting switching is obtained, i.e., an incoming space appears at the output as 
a mark and vice versa. Noninverting operation can also be achieve. For this purpose, in 
the absence of data light, the probe light is adjusted with a small red-shift relative to its 
transmission maximum. Then, an incoming data bit shifts the mode toward the 
maximum. The amplification of the probe light rises simultaneously with the power of 
the data bit so that the logical polarity is maintained. If the probe signal consists of clock 
bits instead of CW light, retiming of jittered bit streams is additionally possible. This has 
been demonstrated in several experiments [57-60]. 
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Using the similar approach, wavelength conversion have been experimental 
demonstrated by cooperated with L. Y. Chan Simon, a PhD student in optoelectronic 
group. The mechanism is implemented by using dual-wavelength injection-locking of a 
Fabry-Perot laser diode. A modulated input signal at wavelength ^i component is 
coupled into a F-P laser diode that has already been injection-locked by a continuous 
wave signal at another wavelength X2. If one of the cavity modes of the FP laser lies at a 
slightly shorter wavelength than the input wavelength ^i, the injected signal can reduce 
the required threshold current for lasing at A,i. If the threshold for lasing at X\ is reduced 
to below that for the original lasing wavelength %2, the FP laser can become injection-
locked to X\. Since the steady-state carrier density is effectively clamped above threshold, 
it will operate in this case with a lower carrier density than the original injection-locking 
at %2- The lower carrier density results in a higher refractive index, leading to the required 
red-shift in the longitudinal modes of the FP laser for sustained lasing at X\. The shift in 
FP modes will also help extinguish the original X2 output from the FP laser, thus all-
optically modulating the X2 output in complement to the input signal at X\. A wavelength 
conversion range of 38 nm was achieved with a contrast ratio of over 10 dB, a side-mode 
suppression ratio of over 20 dB and an incident signal power of 0.5 mW. For an input 
signal with an optimally adjusted optical polarization, optical pulses of 74 ps full-width 
half-maximum (FWHM) could be converted to different wavelengths without any 
increase in FWHM pulsewidth, indicating that wavelength conversion at data rates 
beyond 6 Gb/s is possible with this method. The detail description can be referred to the 
Thesis ofL. Y. Chan in 1998. 
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Chapter 3 
Single- and Multi-wavelength Optical Pulses Generated 
by a Diffraction Grating 
3.1 Introduction 
Multi-wavelength picosecond pulses [17,18] are important in optical 
instrumentation and in wavelength-division-multiplexed communications. It is also 
attractive to tune the wavelengths. A relatively simple way to realize wavelength-tunable 
short pulses is by self-injection seeding of a laser diode [61]. Advantages of the scheme 
include a reduced turn-on delay time jitter and fast switching of the output wavelength 
[62]. Using the technique, the generation of tunable dual-wavelength picosecond pulses 
has been recently reported [63]. 
In this chapter, a simple method to generate tunable single- and multi-wavelength 
pulses from a gain-switched laser diode by a diffraction grating have been demonstrated. 
The extemal cavity contains a wavelength multiplying stage which consists of a set of 
beam splitters, a diffraction grating, and a mirror. Single-, two-, three-, and four-
wavelength oscillations of the laser diode can be demonstrated simply by spatial 
modulation of the optical beams. The configuration can be adopted for use in fast 
switching between a number of output wavelengths and their combinations. 
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3.2 Basic Principle 
To provide simultaneous self-seeding at different wavelengths in the laser diode, 
we develop a multiple-beam external cavity similar to that described in Ref. [64]. The 
scheme was originally proposed to generate short bursts of picosecond optical pulses. 
Fig. 3.1 illustrates this technique of generating multiple time-delayed beam pulses 
with equal intensities from a single laser source. 
optical pulse \ \ 
source Y^ 
\ 100% reflecting mirror 
1 { ^ ^ ^ 
beam splitter 'X X X = ^ \ \ � 
\ \ \ \ multiple 
\ � time-delayed 
^ beams 
Fig. 3.1 Schematic illustration on the optical beam multiplying stage. 
The beams are parallel to each other and have the same state of polarization. The 
relative time delay between the pulses are determined by the angle of incidence 0 and the 
spacings di, d2, and d3 between the mirror and the splitters. With this technique, 8 beam 
pulses with a mutual time-delay of 333 ps have been demonstrated [64]. The scheme can 
also be generalized to produce a two-dimensional optical matrix with a constant time-
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delay between the pulses [65]. Added flexibility in modulating the beams as well as a 
higher packing density can thus be realized. 
The diffraction of the incident light by a grating is shown in Fig.3.2. 
normal 
\ N N 
\ 
\ 
incident beam (X) 仅二、 
^ ¾ ^ 
diffracted beam (X) ^ t L i _ J ^ ^ ^ ^ y ^ 
^ ^ ^ grating 
Fig. 3.2 The diffraction ofthe incident light by a diffraction grating. 
The relationship of the incident angle a and the diffracted angle p is governed by 
A(sina + sin j3) = mA (3.2.1) 
In the setup, the beam is diffracted back to the laser diode from the incoming path (i.e. a 
= P = 6). As a result, the beams satisfy the condition 
.^ mX 
s i n 0 = - (3.2.2) 
2A 
where 9 is the emerging angle of the input beam, m is the order of diffraction, A is the 
selected wavelength, and A is the groove spacing of the grating. 
The multiple beams, which is generated by the multiplying stage as shown in Fig. 
3.1, are allowed to be incident on a diffraction grating at slightly different angles to select 
various output wavelengths. Deflection of the parallel beams can be achieved either by 
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adding a lens to change their paths or by slightly tilting the beam splitters and the mirror. 
As self-seeding requires that the round-trip propagation time in the external cavity be a 
multiple of the laser repetition period, the time-delay between the beams has to be 
properly adjusted. Note that since the effective time-window for self-seeding is about 20 
ps，a maximum uncertainty in the round-trip propagation distance of 0.6 cm is allowed. 
The beams are reflected along their original paths and are fed back to the laser 
diode. Since the amount of feedback for self-seeding is only a few percent of the output, 
power loss in the reflected paths is relatively insignificant. 
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3.3 Experimental Setup 
Fig.3.3 shows the experimental configuration on the generation of tunable single-
and multi-wavelength optical pulses. 
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F -P laser diode| K 9 ^ ^ ^ ^ : 《 / / 
° op t i c^ iS^"^^ " 1 ^ / / 
M i r r o r \ / _ * ^ T ^ / / 
3 dB f iber X X J ^ G r a t i n g 
coupler 
1 ^ ^ ^ ^ opt ical 
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Fig. 3.3 Experimental setup on the generation of tunable single- and multi-wavelength 
optical pulses. 
The optical source is a commercial quantum-well laser diode (LD) operated at 
1.55 i^m (EG&G C86139E). The mode spacing and the CW lasing threshold are 0.44 nm 
and 30.3 mA, respectively. The LD is biased at 28.3 mA and is gain-switched with a RF 
signal at 550 MHz. The output is split into two branches. One branch enters the 
multiplying stage, being wavelength-selected and then reflected back to the LD. The 
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Other branch serves as the output and is analyzed with an optical spectrum analyzer (HP 
70951A) and a photodetector with a sampling oscilloscope (Tektronix CSA803). 
The multiplying stage consists of two 50/50 dielectric-coated beam splitters, a 
1200 grooves/mm diffraction grating, and an optical mirror. Four beams with the same 
intensity and a mutual time-delay equals to half of the repetition period (0.909 ns) are 
generated. The incident angle 6 of the first beam splitter is set at 2°. The distances di 
and d2 are measured to be about 13.5 and 27 cm which match closely with the calculated 
values required for self-seeding. The second beam splitter and the mirror are slightly 
tilted so that the four output beams hit the grating at slightly different angles. The beams 
are then reflected back to the LD along their incoming paths. To achieve a high side-
mode-suppression, the wavelengths selected by the grating should coincide with the 
longitudinal modes of the internal laser cavity. 
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3.4 Results and Discussion 
3.4.1 Spectral Characteristics Analysis 
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Fig. 3.4 Spectral characteristics of the 4-wavelength output. The different patterns are 
obtained by adjusting the grating and other optical elements in the multiplying stage, (a) 
又 spacing = 1.32 nm, (b) X spacing = 3.96 nm, (c) two pairs ofwavelengths separated by 
7.5 nm and each with a X spacing = L32 nm. 
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Fig.3.4(a) shows the output spectrum corresponding to simultaneous self-seeding 
of 4 cavity modes from the LD. The side-mode-suppression-ratio (SMSR) of each 
wavelength is about 20 dB. The separation between adjacent wavelengths is 1.32 nm 
corresponding to 3 cavity mode spacing. The wavelengths can be easily tuned by tilting 
the grating. To have a higher flexibility in tuning, one can also adjust the mirror and the 
second beam splitter (BS2). Note that once the grating and the splitter BS1 are fixed in 
position, ^2 is determined solely by the angle of the mirror. Similarly, the angle of the 
splitter BS2 determines the selected wavelengths A3 and A4. Thus, with a combination of 
the adjustment, different patterns of the 4-wavelength output can be easily generated. 
Fig.3.4(b) shows a spectrum with a spacing of 3.96 nm between adjacent wavelengths. 
Although the output wavelengths spread over a range of about 12 nm, nearly equal 
intensities are still obtained. Output wavelengths with an unequal spacing can also be 
generated. Fig.3.4(c) illustrates the case for two pairs of wavelengths separated by 7.5 
nm. The spacing within each pair is 1.32 nm. 
The SMSR remains to be around 20 dB for the selected wavelengths. The outputs 
are relatively stable and mode hopping is not observed. Thus, it is concluded that gain 
competition among the different wavelengths is not significant in our configuration. The 
tunable multi-wavelength picosecond source can be potentially used in a variety of 
systems. 
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3.4.2 Individually Access of the Four-Wavelength Output 
Li the scheme, each beam in the multiplying stage can be individually accessed. 
With the use of high speed modulators, all the wavelength channels at 550 MHz can be 
encoded before they are multiplexed and fed back to the LD. Thus, the transmission 
bandwidth of the optical source can be effectively enhanced. 
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Fig. 3.5 Examples on various combinations of wavelengths in the optical output, (a) 
single-wavelength, (b) 2-wavelength, (c) 3-wavelength. 
Fig. 3.5(a) illustrates the result on single-wavelength self-seeding at spectral 
positions corresponding to the outputs in Fig. 3.4(a). The selected wavelengths are 
located at 1554.88 nm, 1556.19 nm, 1557.5 nm and 1558.81 nm with a SMSR of 24.08 
dB, 23.06 dB, 18.78 dB, and 24.57 dB, respectively. The outputs are generated simply by 
using a shutter mask to allow only the desired beam to feed back into the LD. An 
attractive feature is that there is no need to change the optical alignment or the pulse 
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repetition frequency to vary the output wavelength. Hence, a reliable and practical means 
of wavelength switching in picosecond pulses can be realized. 
Further illustration on the generation of two-wavelength and three-wavelength 
oscillations of the LD from the same set-up are shown in Fig. 3.5(b) and (c). Note that 
only the shutter mask has been replaced in each case. The flexibility in generating 
different combinations of the wavelengths is useful for a variety of applications in 
instrumentation and communications. Apart from the dominant modes, some side modes 
are also observed in the output. These modes are attributed mostly to the limited 
resolution of the diffraction grating and can be further suppressed by increasing the 
distance between the grating and the mirror. 
3.4.3 The Optical Pulsewidth Characteristics 
The corresponding optical pulses with self-injection seeding different number of 
wavelength in the output are shown in Fig. 3.6-3.8. The width of the gain-switched 
optical pulses without feedback is 93 ps and the width of the self-seeded pulses is 189.47 
ps as shown in Fig. 3.6(a) and (b). In self-seeding one or more wavelengths, a width 
ranging from 112 ps to about 200 ps have been measured. Fig. 3.7(a)-(d) shows the 
optical pulses which are self-seeded single wavelength at 1552.6, 1555.26, 1557.03 and 
1559.2 nm, respectively. Some examples for two- and three-wavelength oscillations are 
showed in Fig. 3.8(a)-(c). The broadening of output pulses is consistent with previous 
reports on self-seeding [21]. As does a weak quasi-monochromatic feedback signal in the 
self-seeding scheme, the small feedback signal induces a temporal advance of the laser 
emission. This phenomenon is easily explained by the fact that the laser field grows from 
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an initial injection field which has a much larger amplitude than spontaneous emission. 
Because the laser medium is driven more rapidly into saturation, the laser switches 
sooner and the laser gain at switching time is lower than in free running conditions. 
Correspondingly, the gain variations during pulse emission are somewhat reduced, 
leading to both larger pulsewidths and smaller downchirp amplitudes. In the experiment, 
we have not observed a strong correlation between the number of seeded wavelengths 
and the output pulse width. 
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Fig. 3.6 (a)The optical pulse without self-seeding. And (b) the optical pulse with self-
seedingfour different wavelength simultaneously. 
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Fig. 3.7 The optical pulse corresponding to the single-wavelength oscillation at (a) 
I552.6nm, (b) 1555.26nm, (c) 1557.03nm and (d) 1559.2nm. 
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Fig. 3.8. The optical pulses with self-injection seeding (a)&(b) two different wavelengths 
and (c) three different wavelengths. 
3.4.4 Discussion 
An advantage of our scheme is that the maximum number P of the output 
wavelengths will double whenever an additional beam splitter is introduced in the 
multiplying stage. The relation between P and the number of beam splitters N is simply 
given by P = 2" . Note that the additional beam splitter is the only element needed to be 
aligned when more output wavelengths are required. Thus, the disturbance to the setup 
can be reduced to a minimum. For each fixed P, the number of different combinations Q 
of the output wavelengths in the spectrum can be expressed as 
Q = j ^ p C r (3.4.1) 
r=l 
For the case of P = 4 as demonstrated in our experiment, Q = 15. To switch 
between the combinations, one can use various types of devices such as liquid-crystal, 
acouto-optic, or electro-optic modulators depending on the required speed of operation. 
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The scheme of generating single- and multi-wavelength picosecond pulses can be 
widely adopted for use in different wavelength ranges. In the setup, since the beam 
splitters and the mirror have a broadband operation, only the FP-LD and occasionally the 
grating are needed to be replaced for self-seeding at other wavelengths. 
3.5 Summary 
In this chapter, a simple configuration to generate tunable single- and multi-
wavelength optical pulses from a F-P laser diode have been developed. The setup 
involves only basic optical elements and can be readily extended to accommodate more 
wavelengths. A side-mode-suppression-ratio of about 20 dB have been observed in 
different combinations of the outputs. Due to the novel free-space configuration, four 
different channels can be externally modulated by introducing an optical modulator 
behind the Bragg grating. Also, the different combination outputs can be greatly 
enhanced by individually assessment of four channels. 
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Chapter 4 
Using a Highly Dispersive Fiber for Tunable Multi-
Wavelength Pulse Generation 
4.1 Introduction 
Compared with using a grating in the extemal resonator [21,66] or a fiber optical 
Fabry-Perot filter in the optical loop mirror together with an EDFA to compensate the 
huge insertion loss [67,68], fiber-optic configuration for self-seeding shows the 
advantageous of simple and stable. 
In this chapter, the generation of tunable multi-wavelength pulses by a self-
seeding scheme [69,70] have been demonstrated. The key components in our setup 
consist of a 1.52 |im Fabry-Perot laser diode (FP-LD), a highly dispersive fiber (HDF), a 
50/50 beam splitter, and two optical mirrors. Tuning can be achieved by controlling the 
path difference between two optical beams in the extemal cavity, by slightly adjusting the 
electrical frequency, as well as by changing the length of the HDF. Single-, two- and 
four-wavelength oscillations of the LD have been obtained. The configuration can be 
potentially used for fast switching among the selected wavelengths. 
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4.2 Basic Principle 
To achieve self-seeding for single-wavelength operation, a weak and quasi-
monochromatic feedback must arrive to the laser diode during the pulse built-up. Highly 
dispersive fiber is one good medium to separate the individual longitudinal mode of the 
Fabry-Perot laser diode in the feedback pulses by group velocity dispersion. In Fig. 4.1， 
two longitudinal cavity modes is temporally separated in the feedback path. In time 
difference {At) of two cavity modes is equal of 2LDAX. 
highly dispersive fiber (HDF) 
h _ 一 > 广"“^^ Z^  = length 
gain- |2 V ^ ^ ^ ^ D = dispersion coefficient 
switched x^  \ ( — � ) 
p _ p L D •' • — 圓 画 • • ^ 睡 • • 一 
A t， <--
Fig. 4.1 Temporal separation two neighboring cavity mode in afeedback pulse. 
If the time interval exactly match the round-trip period, the stable single-
wavelength oscillation is generated after several round-trip periods [21]. Therefore, 
wavelength selection can be obtained by slightly tuning the pulse repetition frequency 
until it is the multiple of the time different between two neighboring cavity modes. 
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Similarly, two wavelengths can be seeded simultaneously when the outputs are 
fed back into the LD along two different paths. Fig. 4.2 is shown how the two parallel 
beam is generated and feedback to the LD. 
incident beam 
optical mirror 
M1 ^ ^ f ‘ 
Ps^；^ beam splitter t ：： 
丨川不"川〃L M2 
Fig. 4.2 The generation oftwo parallel and equal intensity beams. 
At an incident angle 6, the round-trip time delay At between the beams is given by 
^ 4d cos6 “ ^ , � 
如 （4.2.1) c 
where c is the velocity of light. 
The temporal separation At' between two neighboring cavity modes traveling 
round-trip in the HDF and fed back into the LD is 
Af=2LDAX (4.2.2) 
where L is the length of the HDF, D is the dispersion coefficient, and AX is the spectral 
spacing between the neighboring modes. From Eqs. (4.2.1) and (4.2.2), one can obtain 
the condition under which two wavelengths separated by a mode spacing AX are 
simultaneously seeded. The requirement is 
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j cLDAX 
d = - ~ " - . (4.2.3) 
2cos0 
Here, it is assumed that d is much smaller than L. As self-seeding can also occur if 
the two beams have an additional path different equal to a given multiple m of the pulse 
repetition period, the condition can be generalized to 
j / c \ ^ cLDAX, “ ^ h 心 "= ^ ^ 7 ^ " ~ X ) + « ( ^ ~ " ^ ) (4.2.4) 
4Fcos0 2cos0 
where F is the pulse repetition frequency and n is the number of cavity mode spacing 
between two seeded wavelengths. 
At a RF frequency of 350 MHz, 
d^= 21.44 m + 0.78 n [cm] (4.2.5) 
Thus, the separation doj required for neighboring mode selection is 0.78 cm when the 
same number of pulses are circulating in the respective paths for the two wavelengths. 
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4.2 Experimental Setup 
The experimental self-seeding setup is shown in Fig. 4.3. 
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laser diode —： 
optical spectrum 
analyzer " * "^^ 
H 丨 fiber coupler 
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photodetector ^ p o l a r ^ ^ n 
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digital sampling| optical mirror J^angled fiber end 
oscilloscope M1 ^^^^p^ 
d ^ ^ ^ beam splitter 
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Fig. 4.3 Experimental arrangementfor the generation oftunable multi-wavelength pulses 
from a self-seeded laser diode. 
A Fabry-Perot laser diode (OKI OL5200N-5) is used as an optical source. The 
mode spacing and the threshold current of the FP-LD are 0.97 nm and 19 mA, 
respectively. A dc bias ranging from 6 to 12.2 mA is applied to the LD which is gain-
switched by a RF sinusoidal signal from 350 to 664 MHz. The optical output is launched 
into 0.6 km highly dispersive fiber (HDF) with a dispersion coefficient of -89.6 
ps/nm/km. The signal is then fed into a 70:30 optical coupler. One port (30%) serves as 
the system output which is characterized by an optical spectrum analyzer (HP 70951A) 
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and a 25 GHz photodetector with a digital sampling oscilloscope (Tektronix CSA803). 
The other port (70%) is connected to an external cavity. A polarization controller is 
employed to maximize the SMSR by ensuring that the feedback polarization matches 
with the TE lasing mode of the LD. Note that an angled fiber end is used in the setup to 
eliminate optical reflections which may affect the spectral and temporal characteristics of 
the output. 
The 70% output light is collimated and is incident onto a 50/50 dielectric-coated 
beam splitter. One beam passes through the splitter directly and the other is diverted to an 
optical mirror Ml. The relative time delay At between the two beams can be varied by 
adjusting the separation d between the mirror and the beam splitter or by changing the 
orientation 6 of the splitter. In our experiment, 6 is set at 2°. The separation d has been 
varied from 3.1 to 15.6 cm to select different discrete wavelengths for self-seeding. The 
two resultant parallel beams in the external cavity are fed back into the LD along their 
incoming paths by another mirror M2. 
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4.4 EXPERIMENTAL RESULTS 
4.4.1 Spectral and Temporal Characteristics 
(a) l 2 0 d B ~ ^ ~ (b) l 3 m V At = 
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Fig. 4.4(a). Two-wavelength outputs tuned by adjusting the optical path difference and 
the operating frequency, (b). The corresponding optical pulses with a temporal 
separation varying between 200 and 1030ps. 
Fig. 4.4(a) shows the output spectra of the tunable wavelength oscillations. A 
HDF of 0.6 km is used in the setup. The different plots are obtained by changing the 
separation d between the mirror Ml and the beam splitter. The corresponding optical 
pulses are shown in Fig. 4.4(b). Two-wavelength oscillations with about 20 dB SMSR 
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are recorded. The spectral separation has been tuned discretely from 3.88 to 19.34 nm. 
The optimized driving condition is obtained at a RF frequency of about 350 MHz and a 
dc bias of 6 mA. The pulses shown in Fig. 4.4(b) have a temporal separation between 200 
and 1030 ps. These values agree well with our calculated results. 
The width of the optical pulses ranges from 64 to 92 ps in different cavity-mode 
oscillations. The observation is attributed to different gain and feedback intensity of the 
modes. A slight decrease in the pulse amplitude is observed in when the pulse separation 
is increased. It is again caused by a decrease in the laser gain towards the edge of the 
tuning curve. 
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4.4.2 Wavelength Tuning 
Fig. 4.5 is the graph of the optical path difference against the wavelength separation and 
the time delay between two beams. 
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Fig. 4.5 The relationship between the optical path difference with the wavelength 
separation and the time delay. 
The tuning range upto 15 nm is achieved by changing the path difference of two 
parallel rays with 23 cm. Also, the time separation is measured to be about 1.5 ps which 
is well agree with our calculated values. By the extemal extended cavity, the different 
patterns can be simply tumed by adjusting the reflected mirror M2. Hence, tunable dual-
wavelength oscillations with the same separations can also be generated. 
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4.4.3 Individually Access ofTwo Wavelength Channels 
The two wavelengths in the output can be accessed individually. Fig. 4.6(a) and 
(b) illustrate the results on spectral and temporal measurements of a single-wavelength 
output. 
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Fig. 4.6(a). Output spectra of single- and two-wavelength oscillations at 1514.34 and 
1525.04 nm. (b). The corresponding optical pulses in the time-domain. 
The driving conditions and the extemal cavity length are identical to that in Fig. 
4.4(a)(ii) and (b)(ii). The outputs are obtained simply by using a shutter mask to allow 
only one beam to feed back into the LD. There is no other need to change the setup or 
the RF frequency to tune to the desired wavelength. Switching of wavelength in the 
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picosecond pulse train can thus be realized by the use of various types of devices such as 
acouto-optic or electro-optic modulators. 
4.4.4 Multi-Wavelength Generation 
Fig. 4.7(a) and (b) show the output spectrum of some four-mode and two-mode 
oscillations from the same LD. 
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Fig. 4.7 Output spectra of self-seeded four-wavelength and the two-wavelength 
oscillations, (a). RFfrequency = 553.2 MHz. (b). RFfreqiiency = 664.7 MHz. 
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For a sufficiently high pulse modulation frequency and group velocity dispersion 
introduced in the HDF, each optical path can be used to self-seed two wavelengths [63]. 
The phenomenon is explained by the overlapping of two feedback pulses at different 
wavelengths. The two overlapping modes in each arm (>.,, X^  or X^_, X4) arrive at the LD 
simultaneously during the pulse buildup time. Thus, altogether four wavelengths can be 
seeded simultaneously. To tune the spectral position of the four-mode oscillations, one 
can adjust the RF frequency. Fig. 4.7(a) and (b) show the output spectra at a RF 
operating frequency of 553.2 and 664.7 MHz, respectively. The dc bias has been adjusted 
in each case to optimize the SMSR. In (ii) & (iii)’ the two-wavelength spectra are 
obtained by using a mask to block one of the arms in the external cavity. Thus, the 
switching between a pair of wavelengths can also be realized in our setup with the use of 
suitable optical modulators. 
The intensity fluctuation at individual wavelengths is smaller than 2% and 5% for 
the cases of 2 and 4-wavelength seeding, respectively. In modulating the wavelength 
channels, the power in the other lasing modes may change by up to about 3 dB. To 
ensure a uniform intensity across the output wavelengths, one may feed the channels into 
an optical amplifier with a saturated output. 
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4.5 Summary 
In conclusion, a simple external cavity to generate tunable multi-wavelength self-
seeded optical pulses has been developed. Different combinations ofthe oscillations have 
also been demonstrated. A maximum spectral spacing of about 20 nm has been achieved 
in the two-mode self-seeded output. Apart from multi-wavelength oscillation 
simultaneously, the output components have also been individually accessed. The high 
bit rate switching between different channels can be achieved by simple use a suitable 
modulator. 
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Chapter 5 
Comparison of Two Self-Seeding Configurations 
5.1 Introduction 
Tunable multi-wavelength sources can be generated by self-seeding in major two 
catalogues. One achieves by using a diffraction grating (Chapter 3) and the other achieves 
by using a highly dispersive fiber (Chapter 4). Both of them have the advantages and 
disadvantages in the terms of sensitivity, stability, capability, tunability, simplification, 
etc. In this chapter, such characteristics have been studied and made comparisons. 
5.2 Polarization Sensitivity 
Using a diffraction grating, the self-seeding configuration is non-polarization 
sensitive by the feedback pulse. The polarization of the optical beam is remain unchanged 
in free space travelling. Also, the components used in the configuration such as beam 
splitter, collimated lens and grating are not dependent of the polarization. Using a highly 
dispersive fiber, the performance is greatly affected by the angle of the fiber. Therefore, 
the polarization controller should be introduced to maintain that the feedback polarization 
matches with the TE lasing mode of the laser diode. Hence, compared of both schemes, 
the grating-configuration is more difficult in affecting by the polarization. 
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5.3 Stability 
In the diffraction grating configuration, it contains some beam splitters, grating 
and collimated lens in setup. Those elements are strongly dependent of the stability of the 
stands. But this problem will not appear in the all-fiber configuration. So, the optical 
table should be used to place the experimental setup. During the multi-wavelength 
oscillations, both of the configurations are fed back more than one wavelengths 
simultaneous for self-seeding the laser diode. Due to the mechanism of self-seeding, such 
wavelengths will gain competition each other and causing the intensity fluctuation 
between different channels. In the experiment, the intensity differences between four 
channels are less than 3 dB in both of the configurations. 
5.4 Tunabilitv 
Using the diffraction grating, the different wavelength can be tuned by adjusting 
the angle of the grating. Due to the mechanical movement, the feedback beams may be 
mis-aligned. Its effect is more critical when multi-beams are required to fed back by a 
grating. However, in the fiber-optic configuration, the different wavelengths can be 
generated by changing the repetition frequency of the synthesizer, varying the length of 
the dispersion compensating fiber or adjusting the position of the feedback mirror. Hence, 
more precise tuning can be achieved in the fiber configuration. From the other point of 
view, it is also an disadvantage because the frequency is changed when tuning the 
wavelengths. This problem does not exist for using a diffraction as tuning equipment. 
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5.5 Simplification 
Using highly dispersive fiber, the fiber length should be long enough to temporal 
separate the longitudinal cavity modes of the F-P LD (at lease several hundred meters for 
the dispersion D = -90 ps/nm>'km). Otherwise, using a diffraction grating, the shorter 
external cavity of the configuration can be used (<lm). Besides, the different channels 
can be externally modulated by introducing a free-space modulator. Also, the number of 
the channels outputs can be double by adding on beam splitter only. Although there have 
free-space stage in the extemal cavity of the fiber-configuration, each beam is used to 
generate two wavelengths during four channels operation. Therefore, a wavelength pair 
will be modulated together rather than four wavelengths individually when adding a free-
space modulator. Hence, the grating configuration shows the advantage in higher 
flexibility. 
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5.5 Summary of the Advantages and Disadvantages of Two 
Configurations 
INSTRUMENT PROS CONS 
Easy to tune by changing the Fluctuated by the vertical 
horizontal tile-angle of the grating tile-angle of the grating. 
Polarization is not changed in free Difficulty for aligning the 
space. feedback path arrived back 
to the laser diode. 
Narrow spectral linewidth pulse The power is loss in the 
feedback. feedback paths by the beam 
splitters. 
A Diffraction Any combinations of the Mis-alignment may appear 
Grating wavelength can be generated. when moving any beam 
splitters and grating. 
Can be extemally modulated by a Difficult to tune the 
free-space modulator. wavelength components 
accuracy by moving the 
beams splitters and grating. 
Number of outputs can be double Collimator should be used 
by adding one beam splitter. after the laser diode. 
Shorter extemal cavity can be used Coupling to the fiber is 
(< 1 m) required for the output. 
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INSTRUMENT PROS CONS 
No coupling is required. Polarization is change with 
moving the fiber. 
Tuning can be achieved by Long external cavity is 
changing the frequency of the required for temporal 
synthesizer or the length of the separating the longitudinal 
DCF. modes of the laser diode. 
Highly Dispersive The feedback power can be Wide spectral linewidth is 
Fiber controlled by the polarization. feedback to the laser diode 
Easy to setup the experiment by Unexpected reflection may 
use ofconnectors. occur in the collection 
between fiber. 
Dual-wavelength can be generated Those wavelengths cannot 
from one external cavity. be selected independently. 
The dispersion effect can be double Repetition frequency is 
by feeding back and pass through changed when tuning 
the DCF two times (come and go), different wavelengths. 
Table 1. The pros and cons of the self-seeding configuration (a) using a diffraction 
grating and (b) using a highly dispersive fiber. 
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Chapter 6 
All-Optical Wavelength Switching achieved by Self-
Seeding and External Injection-Seeding 
6.1 Introduction 
External injection seeding is a well established technique to generate tunable 
single-mode output from a gain-switched Fabry-Perot laser diode (FP-LD) [69,70]. A 
similar but slightly modified approach is self-seeding [61] in which a weak portion of 
the pulsed output is fed back into the LD for mode selection. Both seeding 
approaches are promising for applications in wavelength switching. For a self-seeded 
LD, wavelength switching has been demonstrated using multiple wavelength selective 
elements in an external cavity [71]. The wavelengths have been switched by 
changing the repetition frequency of the electrical signal applied to the LD. Recently, 
wavelength switching using two-mode injection locking in a LD has also been 
theoretically analyzed [72]. The principle is based upon the depletion of electrical 
carriers by an injected optical control signal of about mW level. The refractive index 
is changed and the cavity modes are red-shifted. The probe light can then be 
frequency-locked or unlocked. 
bi this chapter, optical switching by controlling the gain competition between 
two wavelengths in a FP-LD driven alternatively by self-seeding and extemal 
injection-seeding have been experimentally demonstrated. A direct comparison of the 
switching characteristics by both seeding approaches can be obtained. By suitably 
reducing the extemal cavity length, switching frequency in the tens of MHz range can 
be expected. 
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6.2 Experimental Setup 
The experimental arrangement is shown in Fig. 6.1. 
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Fig. 6.1 Experimental arrangement for all-optical wavelength switching using self-
seeding and external injection-seeding ofa Fabry-Perot laser diode. 
A commercial FP-LD (OKI OL5200N-5) is used as the optical source. The 
CW threshold current and the spectral peak are 19 mA and 1518.3 nm, respectively. 
The LD is gain-switched at 1 GHz with a 22 dBm sinusoidal signal. The dc bias is set 
at 15 mA. The optical output is directed to a 50/50 fiber coupler. One branch is 
subsequently fed into a 30/70 coupler, leading to both an external cavity for self-
seeding and an optical channel for light injection from a tunable semiconductor laser. 
In the self-seeding branch, the optical beam is coupled out from the fiber and 
is incident onto a diffraction grating. The filtered feedback is used for mode selection 
of the FP-LD. An iris diaphragm is used to control the amount of feedback and to 
optimize the spectral and temporal characteristics of the output. Also, a polarization 
controller is employed to enhance the side-mode-suppression-ratio (SMSR) by 
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ensuring that the feedback polarization matches with the TE lasing mode of the LD. 
The feedback rate used for self-seeding is slightly below 1 % in our experiment, ki the 
extemal injection-seeding branch, a tunable laser (HP 8168F) modulated with a square 
wave at 300 kHz is used as the master source. The feedback and the injected optical 
intensities are monitored by a power meter connected to the 50/50 coupler. The output 
spectral characteristics are measured with an optical spectrum analyzer (HP 70951A). 
The picosecond pulses are analyzed using a 25 GHz photodetector and a digital 
sampling oscilloscope (Tektronix CSA803). A tunable filter is occasionally used to 
facilitate measurement on the temporal characteristics of the individual wavelength 
components. 
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6.3 Results and Discussion 
6.3.1 Spectral Characteristics 
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Fig. 6.2 Single-mode spectral outputfrom the Fabry-Perot laser diode (a) self-seeded 
mode at 1526.06 nm (b) externally injection-seeded mode at 1517.31 nm. 
Fig. 6.2(a) shows the single-mode emission spectrum obtained by self-seeding 
the FP-LD at 1526.06 nm. A SMSR of 20 dB is obtained. In the presence of extemal 
optical injection from the tunable laser, the single-mode oscillation switches to 
1517.31 nm as illustrated in Fig. 6.2(b). Although a small peak is still observed at 
1526.06 nm, an output SMSR of about 20 dB is maintained. The dominance of the 
externally injection-seeded wavelength is attributed to a higher gain compared to the 
self-seeded mode. The gain competition mechanism depends on various factors 
including the relative injection intensities, spectral positions of the two modes with 
respect to the gain peak of the free-running FP-LD, and the nature (cw or pulse) of 
injection. In our setup, the two switching wavelengths can be individually tuned upto 
about 20 nm. The range is limited by the competition with amplified spontaneous 
emission of the unselected modes. Since the output wavelength from the tunable laser 
is chosen to be near the gain peak of the FP-LD, relatively weak injected power is 
required for wavelength switching. In the experiment, a minimum power of about 10 
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l^W can give rise to a SMSR over 20 dB. This value is smaller than the 27.1 p,W peak 
power of the feedback pulses in the self-seeding branch. 
6.3.2 The Optical Pulsewidth 
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Fig. 6.3 Optical pulses generated by (a) self-seeding (b) external injection-seeding. 
Fig. 6.3(a) shows the self-seeded optical pulse while fig. 6.3(b) depicts the 
extemally injection-seeded output using the tunable laser as the master source. The 
pulse widths are 59.0 and 54.4 ps, respectively. A slightly shorter pulse is obtained 
with extemal injection seeding at 1517.31 nm compared to self-seeding at 1526.06 
nm. The observation is attributed to a higher differential gain of the FP-LD at a 
shorter wavelength. Also, since the feedback intensity in the self-seeding branch is 
stronger, a larger pulse width should be obtained [21] compared to the extemally 
injection-seeding branch. 
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6.3.3 The Optical Switching Behaviors 
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Fig. 6.4 (a) extemal injection source modulated at 300 kHz, (b) filtered self-
seeded output at X=1526.06 nm, (c)filtered extemally injection-seeded output 
at X=1517.31 nm. 
Fig. 6.4 summarizes the results on the switching behavior of the FP-LD. Fig. 
6.4(a) shows the input extemal optical source modulated with a square pulse at 300 
kHz. To study the temporal characteristics of wavelength switching, a tunable filter is 
added in the output for the purpose of individual wavelength measurements. Fig. 
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6.4(b) shows that the self-seeded pulses at 1526.06 nm are obtained only in the 
absence of extemal injection. In fig. 6.4(c), it is clear that the injection-seeded 
wavelength at 1517.31 nm becomes dominant when the extemal source is applied. 
Thus, the output wavelength of the FP-LD switches at the repetition frequency of the 
external source. It is worth noting that even though the amplitude of the input square 
pulses in Fig. 6.4(a) decreases gradually with time, the same trend is not reflected in 
the system output. The observation indicates that the output power is relatively 
insensitive to fluctuations of the input control signal. Thus, our setup can be applied 
to realize stable and repeatable switching performance in a communication system. 
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6.3.4 The Detail Information of Switching 
Fig. 6.5 illustrates the detailed switching behavior between the two 
wavelengths. 
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Fig. 6.5. The build-up and the decay of the self-seeded and the extemally injected-
seeded outputs. 
The self-seeded signal at 1526.06 nm reaches over 99% of its saturated value 
within 7 round-trip cycles. Each round-trip takes about 100 ns which agrees well with 
the 10 m extemal cavity length. The characteristic of the rising edge is similar to the 
one observed in Ref. [71]. Using our configuration, a direct comparison with the 
switching response of an extemally injection-seeded laser can be obtained. The 
temporal trace of the injection-seeded signal at 1517.31 nm is also shown in the 
figure. The time required to build up to 99% of the saturated intensity is less than 
100 ns. The faster switching time is mainly attributed to continuous wave (cw) nature 
of the injected signal from the extemal laser. Thus, the response does not depend on 
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the arrangement of the configuration for external injection seeding. Rather, it is 
limited by the carrier and photon dynamics of the FP-LD. 
To obtain a similar switching speed between the two different wavelengths, 
one can decrease the length of the extemal cavity to about 1.5 m for self-seeding. 
Hence, a switching speed of about 10 MHz can be realized. 
63.5 Optical Power 
A distinct advantage of the technique for wavelength switching is that it 
requires relatively small amount of power for self-seeding and extemal injection-
seeding. Optical feedback of 27.1 ^W peak power (1.6 ^iW average)，which is less 
than 1% of the self-seeded output, is enough for mode selection. To achieve two-
wavelength switching, an external cw injection power of 10 [iW corresponding to 
about 5% of the system average output is used. This value is several orders smaller 
than those generally used for wavelength switching in non-linear fiber or integrated-
optic devices. An additional advantage is that our scheme can be easily generalized 
for multi-wavelength switching by feeding back or injecting several wavelength 
components simultaneously into the FP-LD. 
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6.4 Summary 
In conclusion, an efficient scheme for optical switching by gain competition 
between a self-seeded wavelength and an extemally injection-seeded wavelength in a 
FP-LD have been developed. The switching characteristics have been directly 
compared in the experiment. While the switching speed of a self-seeded laser diode is 
determined by the length of the extemal cavity, that of an extemally injection-seeded 
laser depends mainly on the carrier and photon dynamics in the FP-LD. The input 
switching power is as low as 10 i^W and a switching response in the tens-of-MHz 
range can be expected. 
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Chapter 7 
A Novel Self-Injection Seeding Scheme 
7.1 Introduction 
For the vitally importance of wavelength-tunable multi-channel switching 
technique in the areas of optical time-division multiplexing (TDM) and wavelength 
division multiplexing (WDM) communications, optical sensing, optical measurement, 
exclusive-OR modules and polarization-independent optical switching [4,27-30], a 
relatively simple approach of achieving wavelength-tunable switching by self-injection 
seeding a gain-switched FP-LD in an all-optical fiber configuration have been developed. 
The key components consist simply of a dispersion compensating fiber (DCF), an optical 
modulator, and a frequency divider. The switching scheme is achieved by feedback of the 
dispersed pulses for sequential self-seeding of the cavity modes. Different channel 
numbers for wavelength switching have been demonstrated by simply changing the ratio 
of the frequency divider. The output wavelengths and the spectral separations are tuned 
by adjusting the electrical modulation frequency and the length of the DCF. An additional 
advantage is that our scheme performs multi-channel switching in descending order 
without the need of several turn-on round-trip delay for stabilization. Hence, the 
switching speed depends mainly on the maximum modulation frequency of the laser 
diode. Operation bandwidth in the Giga-hertz range can be expected using our novel 
multi-wavelength self-seeding approach. 
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1,2 Basic Principle 
To generate single-mode pulses by self-seeding, a small amount of quasi-
monochromatic feedback must arrive at the laser diode just before the carrier density 
reaches threshold [20,61,67]. The round-trip time in the extemal cavity must be close to 
but slightly smaller than a multiple of the injection current modulation period [21]. The 
intensity of the selected mode grows with the feedback cycles until a stable single-mode 
oscillation is reached after several round-trip propagation [23]. If the neighbouring 
feedback pulses contain spectral contents corresponding to different cavity modes, single-
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mode pulses at different wavelengths can be sequentially generated. 
Fig. 7.1 Principle ofthe generation of multi-wavelength switching pulses by self-seeding, 
(a) Original optical pulse train, (b) Pulse train after a frequency division of two. (c) 
Pulse broadening caused by spectral dispersion, resulting in dual-wavelength switching 
pulses through self-seeding mechanism, (d) and (e) Pulse trains illustrating the 
generation of three-wavelength switching pulses. 
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Fig.7.1 explains the principle of the generation of multi-wavelength switching 
pulses using the self-seeding mechanism. Trace (a) represents a gain-switched optical 
pulse train at a frequency F. After modulating by a frequency divider, the output 
frequency is divided by N (here N = 2) as shown in trace (b). to trace (c), the longitudinal 
modes in the optical pulses are temporally separated by introducing a dispersion medium 
in the cavity. When the dispersed pulses are fed back to the laser diode for self-seeding of 
the original pulse train in trace (a), stable output at alternate wavelengths can be obtained 
after several tum-on round-trip periods. The requirement for the desired wavelength 
switching is that the temporal separation of the cavity modes must match with the 
repetition period of the frequency synthesizer. An advantage of our scheme is that 
additional wavelengths can be switched in descending order by simple changing the ratio 
of the frequency divider and varying the length of the DCF. By setting the ratio of the 
frequency divider to three, the frequency of the pulse train is reduced to F/3 as shown in 
trace (d) and (e). Thus, three wavelength switching can be achieved by suitably increasing 
the length of the DCF. Using a similar approach, our scheme can be adopted for use in 
different combinations of wavelength switching. As an example, one can create a 
feedback pulse train by combining trace (c) and (e). Thus, both single and dual-
wavelength self-seeded pulses are generated. Output pulses at desired wavelengths can 
then be obtained by a time-window gating technique. 
Consider the two-wavelength switching behaviour, the component A,- and A； ( A,- > 
Xj) arrive at the laser diode alternately during the build-up of new pulses. In a medium of 
positive dispersion such as a DCF, Ay will travel faster than A,-. After passing through the 
dispersive extemal loop, the temporal separation can be expressed in terms of the 
7-3 
A Novel Self-Injection Seeding Scheme Chapter 7 
dispersion coefficient D and the length L. Also, the time delay must be equal to the 
repetition period for self-injection seeding. Hence, the requirement for two wavelength 
switching is 
j : = D L \ (7.2.1) 
where A,； = Aj - A/ is the separation between the two wavelength components. 
Obviously, the wavelength separation Xij can be tuned by changing the frequency F for a 
constant dispersion {DL) in the extemal cavity. 
The two wavelength components can also be tuned together by slightly adjusting 
the modulation frequency. Using the criterion that the modulation frequency is close to a 
multiple of the extemal round-trip propagation frequency, the tuning rate can be derived 
as follows: 
At time=0, assume the optical pulses with A^  and Xj components passing through a 
DCF and fed back at time t. When the modulation frequency is close to a multiple of the 
extemal round-trip propagation frequency, two components is exactly separated with a 
repetition period. 、 人丨 ^ 
� i � i AA 
time = 0 l\ 八 ^  ^ > > > > ^ ^ ^ ^ 
\ DCF 
A.i"~~^^""-^ J 
time = t 八 八 V ^ _ _ _ ^ 
H~~•> \ ^i 
r = " F [\[\ 
Fig. 7.2 Temporal separation oftwo wavelength components in DCF. 
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Let T = separation of two seeded wavelength 
F = repetition frequency of the synthesizer 
fround (^ij) = round-trip frequency of the cavity for wavelength A,-； 
AF = frequency detuning for neighbouring mode selection 
At = separation time between two cavity modes by the length of DCF 
M = number of pulses circulating in the fiber loop (integer) 
no = effective group index (~ 1.4718)， 
Consider the pulses with A,- component, 
- 丄 
/ — ( . ) = ^ (7.2.2(a)) 
, F-AF 
f r o u n A ^ - ^ ) = - ^ (7.2.2(b)) 
Put (7.2.2(a)) and (7.2.2(b)), 
”二 ( f n r f 1 旧 ) (7-2.3) 
Jround、八1.-1 ) J round、八/ ) 
M ^ 
=F-AF~ F 
F-{F-AF) 
=M( (F-AF)F ) 
AF M 
= ( — ) 
F-AF^F' 
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AF n{X^)L 
二 F-AF ~~c ^  
AF n^L 
- zT A � ( ) as M » 1 (7.2.4) F-AF c 
Also, At = Z)LAAj where Al^ = \ - Aj_, (7.2.5) 
Put (7.2.4) = (7.2.5) 
� AF n^L 
DLM, = T T ^ ( - ) 
F-AF c 
DLcFM, - DCLAFAA； = n^L^F 
DLcF^\ = (noL + DLcM^ )AF 
M, riQL+DcLAX| 
AF 一 DcLF 
1 «n 
= 对 + 从 ） 
AA； nm 1x10"^ n� 
'•'• J F W = ~ ~ ^ (ZX:xlxlO-i5 + ^ ^ ) (7.2.6) 
� J i � x l O - 9 as ^ ^ ^ ^ � A 4 (7.2.7) 
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Similarly, 
ConsiderA^ pulses, 
/ . w ( ^ , ) = - ^ (7.2.8(a)) 
, F - A F 
/ . w ( V . ) = 1 7 7 Y - (7.2.8(b)) 
Put (7.2.8(a)) and (7.2.8(b)), 
A , - ( _ _ J _ _ 1 ) 
fround (^y-l ) fwund (^7 ) 
M + 1 M + 1 
:F-AF~ F 
AF 
= ( w i ) ( i 7 T Z ^ ) 
AF n(Xj)L 
二 F-AF c 
AF n^L 
^ T ^ T ^ M � 1 (7.2.10) 
Also, Ar = Z)LAA. where AA. = X. - X._^ (7.2.11) 
Put (7.2.10) = (7.2.11), 
^ AF n^L 舰 】 = ~ ^ 々 
& 二 丄 ( 〜 从 ） 
AF FDc ‘ 
7-7 
A Novel Self-Injection Seeding Scheme Chapter 7 
AA^. nm lxlO_6 n^ ^ 
i-e. i ( ^ ) = ^ ^ ( Z > e x l x l C r i 5 + A ^ 7 ) 口丄⑵ 
� � x l O - 9 as Dcxi^:iO-i5 该、(7.2.13) 
M AA,. «� n^ 
Hence’ ^ = ^ ^ F D c x l x l O ^ � � � " ^ ^ ^ ^ ^ ^ � A 々 ,，（ 7 . 2 . 1 4 ) 
In general, AA ^ «" (7.2.15) 
bF ~ FDc 
where n(> is the effective group index of the fiber and c is the speed of light in free space. 
Note that the frequency detuning AF is several order of magnitudes smaller than F and 
hence the wavelength separation X\2 will remain virtually unchanged in the tuning 
process. 
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7.3 Experimental Setup 
Our experimental setup for wavelength-tunable multi-channel switching is shown 
in Fig. 7.3. 
PP dispersion compensating fiber 
syn thes ize r ( ^ P - 9 1 - 8 ^ m / k m 
24 dB W F/ N ( ^ 
3mpl i f i8「Y lfrequencv| J opTcal 
w divider modulator • ^ j ~ ^ 、（ 
d.c. 一 bias C 
bias 一 tee (PC1) C polarization 
± 90/10 coupler 5 contrdl^jPC2) 
1.52 , F-P 大 ^ ^ QQQ J 
laser diode M / ^ ' ^ ^ ^ \ > ^ 
__ ~ ~ \ circulator = power 1 
meter multi-wavelength switching output 
Fig. 7.3 Experimental setup for multi-wavelength switching. 
A commercial 1.52 i^m FP-LD (OKI OL5200N-5) is used as the optical source. 
The cw lasing threshold and the cavity mode spacing are 20 mA and 0.97 nm, 
respectively. The LD is gain-switched using a RF synthesizer together with a 24 dB 
amplifier. The optical output is directed to a 90/10 coupler. The 90% port is connected to 
an optical circulator to form an extemal cavity loop. The pulses are then brought to a 
LiNbO3 Mach-Zehnder intensity modulator (UTPMZ 150-080). The applied electrical 
modulation signal is derived from the same RF source driving the LD, except that the 
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frequency is reduced to F/N by a frequency divider. Thus, optical pulses at the reduced 
frequency are generated. The spectral components in the optical pulses are temporally 
separated using different lengths of DCF with a dispersion coefficient D = -91.8 
ps/nm/km. The dispersed pulses are reflected back to the LD for self-injection seeding. 
The feedback power is monitored by a power meter connected to the 90/10 coupler. The 
spectral characteristics of the output are measured with an optical spectrum analyzer (HP 
70951A) and the temporal profiles are analyzed using a 25 GHz photodetector together 
with a digital sampling oscilloscope (Tektronix CSA 803). 
In the experiment, different lengths of DCF at 1，1.5’ 2 and 2.5 km are placed in 
the fiber loop to generate pulses with the same wavelength components at different 
frequencies. The wavelengths have been tuned by changing the modulation frequency of 
the synthesizer. Also, four-wavelength switching in descending order have been 
demonstrated by corresponding adjustment on the ratio of the frequency divider. 
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7.4 Results and Discussion 
7.4.1 Spectral and Temporal Characterizations o f Two-Wavelength 
Switching 
Fig. 7.4(a) depicts the output spectrum in the two-wavelength switching experiment 
using 2.5 km DCF. 
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Fig. 7.4 (a) Output spectrum of the two-wavelength switching pulses using 2.5 km 
dispersion compensating fiber in the setup. The individual wavelengths are located at (b) 
X, 二 1514.33 nm and (c) X^ = 1526.94 nm. 
The cavity modes oscillate at 1514.33 nm and 1526.94 nm and have the same 
intensity. The spectral separation and the side-mode-suppression-ratio (SMSR) are 12.61 
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nm and 15.2 dB, respectively. The modulation frequency is 350.1 MHz which agrees well 
with the calculated value from equation (7.2.1). To identify the pulses at individual 
wavelengths, an electrically tunable filter is introduced and is set in tum to each of the 
seeded modes. The linewidth and the insertion loss of the tunable filter are 0.7 nm and 3 
dB. Fig. 7.4(b) and (c) show the individual wavelength components. Fig. 7.5(a) shows the 
pulses that are switched alternately between the two wavelengths. The optical pulses 
corresponding to the wavelength components in Fig 7.4(b) and (c) are also depicted in 
Fig. 7.5(b) and (c), respectively. The additional background noise appeared in the pulse 
trains is attributed to the insertion loss of the tunable filter. 
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Fig. 7.5 (a) Optical pulses obtained with two-wavelength switching of the self-seeded 
laser diode, (b) and (c) The corresponding pulses for \ and X.as defined in Fig. 3(b) and 
(c). 
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Fig. 7.6 (a) Gain-switched optical pulse without feedback, (b) and (c) Self-seeded pulses 
at 1514.33 nm and 1526.94 nm, respectively. ‘ 
Fig. 7.6(a) shows the temporal profile of a gain-switched optical pulse without 
external feedback. The measured width is 70.3 ps. With alternate self-seeding at 1514.33 
and 1526.94 nm, the corresponding widths of the optical pulses become 95.1 and 95.5 ps, 
respectively, as shown in Fig 7.6(b) and (c). The broadening of the self-seeded pulses is 
directly related to the modification of the laser gain dynamics in the presence of extemal 
feedback [21]. Since the laser medium is driven more rapidly into saturation, the laser 
switches sooner and the laser gain at the switching time is lower than in the free-running 
condition. Hence, the gain variation during pulse emission is reduced which thus leads to 
a larger pulse width. 
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7.4.2 Different Wavelength Selection 
The dependence of the wavelength separation and the SMSR on the output 
frequency is illustrated in Fig. 7.7. 
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Fig. 7.7Dependence ofthe wavelength separation and the output SMSR on thefrequency 
ofthe synthesizer. 
The results are obtained by precisely adjusting the repetition frequency of the 
synthesizer to maximize the SMSR. The wavelength separation does not exactly follow 
an inversely proportional relationship with the driving frequency owing to the time-
window effect in the self-seeding mechanism. To achieve a high SMSR, the reflected 
pulse arrives at the laser diode during a time window of about 20 ps just before the carrier 
density reaches threshold [23]. Hence, the maximum uncertainty in the repetition 
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frequency is calculated to be ±0.8 MHz to ±3.2 MHz at a frequency from 200 MHz to 
400 MHz. The trace with square markers in Fig. 7.7 shows the corresponding SMSR of 
the different wavelength outputs. It is observed that the SMSR increases when the 
wavelength separation decreases. The result can be simply explained by a higher laser 
gain near the spectral peak of the FP-LD. Apart from the spectral separation of the cavity 
modes, the SMSR also depends on the feedback intensity [24]. A peak power of about 
190 |iW (4.5 |xW average), which is less than 3 % of the self-seeded outputs, is fed back 
to the LD. The total insertion loss of the optical modulator, the DCF, the coupler, the 
optical circulator, and two polarization controllers is 12 dB. t i general, the SMSR 
increases with the feedback power upto a certain value. When the feedback or the dc bias 
is too large, multimode emission will occur. 
For a sufficiency high pulse modulation frequency and group velocity dispersion 
in the external cavity, the feedback pulses will overlap. When two overlapping cavity 
modes arrive at the LD simultaneously during the pulse build time, multi-wavelength 
self-seeding will occur [25]. Thus, there is a trade-off in selecting the wavelength 
separation, the SMSR in the output, and the repetition frequency of the pulse train. With 
2.5 km DCF, about 7 nm tuning range with a SMSR higher than 12 dB has been achieved 
using optimized operating parameters in our experiment. 
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7.4.3 Operation Frequency against the Fiber Length 
A simple way to increase the frequency of multi-wavelength switching is by 
reducing the length of the DCF. Fig. 7.8 plots the operating frequency against the length 
of the DCF at different wavelength separations. 
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Fig. 7.8 Plot of the repetition frequency against the length of the DCF at different 
spectral separations. An inversely proportional relationship is obtained that matches well 
with the simple theory. 
It is observed that the frequency and the fiber length are inversely proportional 
with each other. The result is consistent with Eq(7.2.1) at a constant wavelength 
separation 人丨？. It should be noted that the length of the DCF cannot be decreased 
indefinitely. A fundamental limitation is that the dispersion should be large enough to 
temporally separate the cavity modes and to generate single-mode pulses by self-seeding. 
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In our experiment, the length of the DCF has been varied from 1 to 2.5 km for the 
demonstration of two-wavelength switching with a SMSR higher than 15 dB. 
7.4.4 Multi-Wavelength Generation 
Apart from two-wavelength oscillations, a switching source with additional 
channels has also been generated by changing the ratio of the frequency divider. Fig. 7.9 
(a) and (b) show the results on four-wavelength optical switching. 
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Fig. 7.9 (a) Output spectrum of the four-wavelength switching pulses, (b)(i) to (iv) The 
individual wavelengths obtained using a tunable bandpass filter. 
The frequency synthesizer operates at 850.8 MHz and the length of the DCF is 
2.5 km. The spectral outputs at individual wavelengths are shown in Fig. 7.9(b) and are 
obtained with an electrically tunable filter. The spectral separations among the switching 
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wavelengths are 4.85 and 5.82 nm corresponding to 5 and 6 cavity-mode spacings, 
respectively. The SMSR of each channel is about 10 dB with a variation smaller than 2 
dB across the range. Note that since the feedback intensity is weaker than in the case of 
two-wavelength switching, a lower SMSR is obtained. 
The corresponding output pulse train is depicted in Fig. 7.10(a). The independent 
access of each channel is shown in Fig. 7.10(b) to (e) with selected wavelengths at 
1509.72 nm, 1515.54 nm, 1520.39 nm and 1525.24 nm, respectively. 
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Fig. 7.10 (a) Optical pulses obtained with four-wavelength switching, (b) to (e) 
Independent access of the four channels. 
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The occurrence of the spikes in the background is attributed to incomplete 
suppression of the pulses by the optical modulator in the dividing process. The width of 
the optical pulse without feedback is 59 ps. After individual self-seeding at the four 
wavelengths, we have measured a width ranging from 65 to 74 ps. The broadening of 
pulses is consistent with our earlier discussion in this section. 
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7.5 Discussion 
For multi-wavelength switching operation, the different modes are fed back to the 
LD at different times and only one mode is emitted at any moment. The mechanism is 
different from the simultaneous multi-wavelength seeding demonstrated in other work 
[25,26]. Hence, the undesirable crosstalk and gain competition effect can be eliminated. 
In principle, with non-overlapping feedback pulses of sufficient intensity, the number of 
wavelength channels can be maximized upto the number of emitted cavity modes, bi our 
experiment, over 20 channels can be expected to switch in a 20 nm tuning range. 
To reduce the loss and to achieve a higher SMSR, one can shorten the DCF by 
adopting a fiber with a higher dispersion coefficient. Also, the SMSR can be further 
improved by applying antireflection (AR) coating on the diode facet to suppress amplified 
spontaneous emission of the unselected cavity modes. It is worth mentioning that the 
output wavelengths can be continuously accessed by thermal control of the FP-LD. The 
spacing between two cavity modes can be spanned by varying the temperature over 10.2 
K. 
Wavelength-tunable multi-channel source has potential applications in many areas 
such as differential absorption measurements [73-75]. As the output is spectrally matched 
with the peak absorption of simultaneous vibrational transition of carbon and hydrogen, 
optical pulses close to 1.52 |xm is effective for use in measuring the concentration of 
gaseous mixtures containing the elements. One of the wavelengths is chosen to be at the 
absorption peak and the other is detuned 1-2 nm to use as a reference. The concentration 
can be easily determined by measuring the intensity difference between the two 
wavelengths. A switching source has the advantage that it can overcome the problem of 
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gain sharing and competition which may occur when two wavelengths are emitted 
simultaneously from a laser diode. Also, no optical bandpass filter is required to separate 
the two wavelengths since the output signal and reference can be respectively gated in 
time. Hence, the measurement configuration can be greatly simplified. 
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7.6 Summary 
In conclusion, a novel scheme to generate wavelength-tunable multi-channel 
switching pulses by self-injection seeding of a gain-switched FP-LD has been developed. 
Different combinations of wavelength channels have been generated according to the 
repetition frequency of the feedback pulses. A maximum of upto four-wavelength 
switching pulses at 850 MHz has been experimentally demonstrated. An attractive feature 
is that different combinations can be achieved without changing the experimental setup. 
Also, different operating frequencies or different lengths of DCF can be used to tune the 
spectral separation of the outputs. Unlike other self-seeding schemes, the wavelength 
channels are alternately generated without the delay of several round-trip periods for 
stabilization of single-mode oscillation. Hence, switching in the GHz frequency range can 
be potentially realized. 
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Chapter 8 
Comparison of Switching Methods 
8.1 Introduction 
There are some advantages and disadvantages in achieving the switching 
mechanism by using self-seeding together with injection-seeding (in chapter 6) and using 
self-seeding only (in chapter 7). The most significant difference between the methods is 
the switching speed. In this chapter, both methods will be discussed. 
8.2 Switching Between Seif-Seeding and Injection-Seeding 
A common problem in self-seeding techniques is that several round-trip periods 
are required for stabilization of single wavelength oscillation. Thus, the switching speed 
is limited to the tens of MHz range even using an extemal cavity of about one meter. The 
same problem occurs in using both self-seeding and injection-seeding for optical 
switching in chapter 6. So, the required time to change from one channel to another is 
about 700 ns (~7 round-trip periods). Also, another extemal source (tunable laser) is 
required to extemally inject to the FP-LD for switching. If the extemal source is 
modulated with bit patterns, the output from the FP-LD will follow the same patterns but 
at a different wavelength. Hence, wavelength conversion can be achieved. Moreover, if 
the FP-LD is in CW operation, inverted wavelength conversion can also be demonstrated 
from the same configuration. 
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8.3 Switching bv Self-Seeding of a FP Laser Diode 
By using self-seeding for optical switching (in chapter 7)，the FP-LD requires 
several turn-on round-trip period to generate stable single single-mode operation. 
However, different wavelengths are generated alternatively after several tum-on round-
trip frequencies. Hence, the switching between different channels is achieved following 
the repetition frequency of the gain-switched pulses. Also, the setup is relative simple. 
The key elements are a DCF, an optical modulator and one laser source only. At four or 
more wavelengths, the switching can be generated by simply adjusting the ratio of the 
frequency divider. Since the feedback intensity cannot be controlled individually, the 
SMSR of each channel may have some differences when multi-channel switching 
operation is used. To ensure a uniform intensity across the output wavelengths, one may 
feed the channels into an optical amplifier with a saturated output. 
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8.4 Summary 
Methods Pros Cons 
Can be directly modulation Slow switching speed 
Switching between self- Applicable to wavelength Two sources are required 
seeding and injection conversion after simple 
seeding modification 
Fast switching speed Cannot be directly 
(limited by gain-switched modulated 
Switching by self-seeding laser diode only) 
of a F-P laser diode 
Simple configuration (one Not equal intensity in multi-
sources only) channel output 
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Chapter 9 
Conclusion 
In this project, several self-seeding configurations for the generation of tunable 
multi-wavelength picosecond pulses have been experimentally demonstrated. Different 
elements such as a diffraction grating and a dispersion compensating fiber are used in the 
extemal cavity. The required feedback is relatively weak (<3% of the output). Also, no 
anti-reflection coating of the Fabry-Perot laser diode is required. All the configurations 
are compatible with commercial 1.55 i^m Fabry-Perot laser diode. For operation in the 1.3 
|im range, the techniques are also applicable by simply changing the elements such as the 
laser diode, beam splitters, grating and dispersion compensating fiber into 1.3 i^m 
operation. 
In the generation of tunable multi-wavelength sources, a simple and effective 
grating-configuration has been developed. Combinations up to four-wavelength 
oscillations in a Fabry-Perot laser diode have been demonstrated simply by spatial 
modulation of the optical beams. The maximum tuning range is about 20 nm and over 20 
dB SMSR is obtained at each channel. The number of channel outputs can be doubled by 
using an additional beam splitter. The number of wavelength combinations can be greatly 
enhanced by individually access of different channels. Due to free-space operation, linear 
polarization can be maintained and the length of external cavity can be made shorter than 
one meter. Hence, the configuration can be potentially used for fast switching in tens of 
MHz range. 
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Using a highly dispersive fiber in an extended extemal cavity, tunable multi-
wavelength pulses have been experimentally demonstrated. About 20 dB SMSR has been 
achieved in two-wavelength and four-wavelength oscillations. Precise electrical tuning is 
used instead of mechanical tiling of the grating. Similarly, the output components have 
been individually accessed. Li the beam splitter stage, different wavelength have been 
tuned up to 15 nm simply by changing the path difference between the beam splitter and 
the reflecting mirror by 23 cm. 
Using self-seeding and extemal injection-seeding, a new all-optical switching 
scheme has been demonstrated. The switching is achieved by controlling the injection 
intensity of the two wavelengths. The principal is based on the inherent gain competition 
between two cavity-mode oscillations of the Fabry-Perot laser diode. Relatively weak 
injected power (<10 |xm average power) is required for wavelength switching. The 
switching speed (>10 MHz) by extemal injection seeding is faster and is attributed to the 
CW nature of the injection signal rather than pulse feedback. 
Finally, a novel and simple self-seeding configuration for wavelength-tunable 
multi-channel switching has been developed. Unlike other self-seeding schemes, the 
wavelength channels are switched alternately without several round-trip periods for 
stabilization of single-mode oscillation. A maximum of up to four-wavelength switching 
pulses at 850 MHz has been experimentally demonstrated. The switching speed is limited 
by the repetition frequency of the gain-switched pulses. Hence, for the first time, self-
seeding for wavelength switching in the GHz frequency range has been realized. 
9-2 
REFERENCES 
1. Eds. R. Byer and A. Piskarskas, Optical Parametric Oscillation and 
Amplification, J. Opt. Soc. Am., B10, No.9, 1993. 
2. Conference in Nonlinear Optical Properties of Organic Materials IV, SPIE 
Proc., pp. 1560，1990. 
3. Conference on Physical Concepts ofMaterialsfor Novel Optoelectronic Device 
Application, SPIEProc.,pp. 1361-2, 1990. 
4. T. Morioka, H. Takara, S. Kawanishi, 0 . Kamatani, K. Takiguchi, K. 
Uchiyama, M. Saruwatari, H. Takahashi, M. Yamada, T. Kanamori, and H. 
Ono, "1 Tbit/s (100 Gbit/s x 10 channel) OTDMAVDM transmission using a 
single supercontinuum WDM source," Electron. Lett” vol. 32’ pp. 906-907’ 
1996. 
5. D. Wake, C. R. Lima, and P. A. Davies, “Transmission of 60-GHz signals over 
100 km of optical fiber using a dual-mode semiconductor laser source," IEEE 
Photon. Techol. Lett., vol. 8, pp. 578-580, 1996. 
6. A. R. Chraplyvy, A. H. Gnauck, R. W. Tkach, J. L. Zyskind, J. W. Sulhoff, A. J. 
Lucero，Y. Sun, R. M. Jopsin, F. Forghieri, R. m. Derosier, C. Wolf, and A. J. 
Lucero, Y. Sun, R. W. Tkach, J. L. Zyskind, J. M. Derosier, C. Wolf, and A. R. 
McCormick, "l-Tb/s transmission experiment," IEEE Photon. Technol. Lett., 
vol. 8,pp. 1264-1266, 1996. 
7. Y. Namihira, T. Kawazawa, and H. Wakabayasho, "Polarization mode 
dispersion measurements in 4564 km EDFA system," Electron. Lett., vol. 29， 
pp. 32-33, 1993. 
8. H. Biilow and G. Veith, "Polarization-independent switching in a nonlinear 
optical loop mirror by a dual-wavelength switching pulse," Electron. Lett., vol. 
29’ pp. 588-589, 1993. 
9. J. Hermann and B. Willgelmi, Lasers for Ultrashort Light Pulses, Springer-
Verlag, Berlin, 1987. 
10. F. Krausz, M.E. Fermann, T. Brabec, P.F. Curley, M. Hofer, M.H. Ober, C. 
Spielmann, E. Wintner, and A.J. Schmidt, IEEE J. Quant Electron. QE-28, pp. 
2097, 1992. 
11. Y.R. Shen, Nonlinear Infrared Generation, Ed, Springer- Verlag, Berlin, 1977. 
12. F. Zernike, and J.E. Midwinter, Applied Nonlinear Optics, Wiley, New York, 
1973. 
13. Y.R. Shen, The Principles ofNonlinear Optics, Wiley, New York, 1984. 
14. G. Sciurba, and H.J. Loesch, Opt. Comm., vol. 15, pp. 489，1989. 
15. A.L. Harris, and N.J. Levinos, Appl. Opt” vol. 26，pp. 3996，1987. 
16. J. B. Schlager, S. Kawanishi, and M. Saruwatari, "Dual wavelength pulse 
generation using mode-locked erbium-doped fiber ring laser," Electron. Lett” 
vol. 27, pp.2072-2073, 1991. 
17. T. Morioka, K. Mori, and M. Saruwartari, "More than 100-wavelength-channel 
picosecond optical pulse generation from single laser source using 
supercontinuum in optical fibers," Electron. Lett., vol. 29’ pp. 862-864，1993. 
18. B. Zhu, K. 0 . Nyairo, and I. H. White, "Dual-wavelength picosecond optical 
pulse generation using an actively mode-locked multichannel grating cavity 
laser," IEEE Photon. Technol Lett., vol. 6, pp. 348-351, 1994. 
19. M. Margalit, M. Orestein, and G. Eisenstein, "Synchronized two-colour 
operation of a passively mode-locked erbium-doped fiber laser by dual injection 
locking," Opt. Lett., vol. 21, pp. 1585-1587, 1996. 
20. M. Schell, D. Huhse, A. G. Weber, G. Fischbeck, D. Bimberg. D. S. Tarasov, A. 
V. Gorbachov, and D. Z. Garbuzov, "20 nm wavelength tunable single mode 
picosecond pulse generation at 1.3/im by a self-seeded gain-switched 
semiconductor laser," Electron. Lett., vol. 28，pp. 2154-2155, 1992. 
21. S. Bouchoule, N. Stelmakh, M. Caveler, and J. -M. Lourtioz, “Highly 
attenuating extemal cavity for picosecond-tunable pulse generation from 
gain/Q-switched laser diodes," IEEE J. Quantum Electron., vol. 29’ pp. 1693-
1700, 1993. 
22. L. P. Barry, R. F. 0 'Dowd, J. Debau, and R. Boittin, "Tunable transform-limited 
pulse generation using self-injection locking of an FP laser," IEEE Photon. 
Technol. Lett, vol. 5, pp. 1132-1134, 1993. 
23. D. Huhse, M. Schell, W. Utz, J. Kaessner, and D. Bimberg, "Dynamics of 
single-mode formation in self-seeded Fabry-Perot laser diodes," IEEE Photon. 
Technol Lett； vol. 7，pp. 351-353, 1995. 
24. Y. C. Lee and C. Shu, "Optimized operation of self-seeded gain-switched laser 
diode for electrically wavelength-tunable singlemode pulses," IEEE Photon. 
Technol Lett, vol. 7，pp.275-277, 1995. 
25. C. Shu and Y. C. Lee, "Tunable dual-wavelength picosecond optical pulses 
generated from a self-injection seeded gain- switched laser diode," IEEE J. 
Quantum Electron., vol. 32, pp. 1976-1980, 1996. 
26. D. N. Wang and C. Shu, "Dual-wavelength picosecond pulse generation using a 
single grating and a Michelson interferometer in a self-injection seeding 
scheme," Electron. Lett., vol. 33，pp. 423-425，1997. 
27. G. Murtaza and J. M. Senior, "Methods for providing stable optical signals in 
dual wavelength referenced LED based sensors," IEEE Photon. Technol. Lett., 
vol. 6, pp. 1020-1022, 1994. 
28. Y. Shimose, T. Okamoto, A. Maruyama, M. Aizawa, and H. Nagai, "Remote 
sensing of methane gas by differential absorption measurement using a 
wavelength tunable DFB LD," IEEE Photon. Technol Lett.’ vol. 3, pp. 86-87, 
1991. 
29. M. N. Islam and J. R. Sauer, "GEO modules as a natural basis for all-optical 
fiber logic systems," IEEEJ. Quantum Electron., vol. 27, pp. 843-848, 1991. 
30. H. Bulow and G. Veith, "Polarization-independent switching in a nonlinear 
optical loop mirror by a dual-wavelength switching pulse," Electron. Lett” vol. 
29, pp.588-589, 1993. 
31. M. A. Duguay and J. W. Hansen, Appl. Phys. Lett., vol. 15, pp. 192，1969. 
32. R. H. Stolen, J. Botineau and A. Ashkin, Opt. Lett., vol. 7，pp. 512，1982; R. H. 
Stolen and A. Ashkin, AppL Phys. Lett., vol. 22，pp. 294，1973. 
33. N. J. Halas, D. Krokel and D. Grischkowsky, AppL Phys. Lett., vol. 50，pp. 886， 
1987. 
34. T. Morioka, M. Saruwatari and A. Takeda, Electron. Lett., vol. 23, pp. 453’ 
1987; T. Morioka and M. Saruwatari, IEEE J. Select. Areas Commun., vol. 6’ 
pp. 1186, 1988. 
35. M. N. Islam, C. E. Soccolich, J. P. Gordon and U. C. Paek, Opt. Lett., vol. 15’ 
pp.21, 1990. 
36. J. S. Aitchison, A. Villeneuve and G. I. Stegeman, "All-optical switching in two 
cascaded nonlinear directional couplers," Optics Lett., vol. 20，pp.698-700, 
1995. 
37. M. Asobe, T. Ohara, I. Yokohama and T. Kaino, "Low power all-optical 
switching in a nonlinear optical loop mirror using chalcogenide glass fibre," 
Electron. Lett., vol. 32，pp. 1396-1397, 1996. 
38. J. Horer, K. Weich, M. Mohrle, and B. Sartorius, "Optimization of the optical 
switching characteristics of two-section Fabry-Perot lasers," IEEE Photon. 
Technol Lett, vol. 5，pp. 1273-1276, 1993. 
39. F. Delorme, A. Ramdane, B. Rose, S. Slempkes and H. Nakajima, "Ultra-fast 
optical switching operation of DBR lasers using an electro-optical tuning 
section," IEEE Photon. Technol Lett., vol. 7, pp. 269-271, 1995. 
40. C. Knorr, U. Wilhelm, V. Harle, D. Ottenwalder, F. Scholz and A. Hangleiter, 
"A mechanism for low-power all-optical switching in multiple-quantum-well 
structures," Appl. Phys. Lett., vol. 69’ pp. 4212-4214, 1996. 
41. D. Huhse, M. Schell, W. Utz and D. Bimberg, ‘‘ Fast wavelength switching of 
semiconductor laser pulses by self-seeding," App. Phys. Lett., vol. 69’ pp. 2018-
2020’ 1996. 
42. K. Y. Lau, "Gain switching of semiconductor injection lasers," Appl. Phys. 
Lett., vol. 52, pp. 257-259, 1988. 
43. P. M. Downey, J. E. Bowers, R. S. Tucker and E. Agyekum, "Picosecond 
dynamics of a gain-switched InGaAsP laser," IEEE J. of Quantum Electron., 
vol. QE-23, No. 6，pp. 1039-1046, 1987. 
44. D. Marcuse and J. M. Wiesenfeld, "Chirped picosecond pulses: Evaluation of 
the time-dependent wavelength for semiconductor film lasers," Appl. Opt., vol. 
23，pp. 74-82, 1984. 
45. B. R. Bennett, R.A. Soref, and J. A. Del Alamo, "Carrier-induced change in 
refractive index of LiP, GaAs and biGaAsP," IEEE J. of Quantum Electron” 
vol. 26, pp. 113-122, 1990. 
46. T. L. Koch, and J.E. Bowers, "Nature of wavelength chirping in directly 
modulated semiconductor lasers," Electron. Lett., vol. 20’ pp. 1038-1040, 1984. 
47. J. Buus, "Dynamic line broadening of semiconductor laser modulated at high 
frequencies," Electron. Lett., vol. 21, pp. 129-131, 1985. 
48. F. Koyama, and Y. Suematsu, "Analysis of dynamic spectral width of dynamic-
single-mode(DSM) lasers and related transmission bandwidth of single-mode 
fibers," IEEE J. ofQuantum Electron., vol. 21, pp. 292-297, 1985. 
49. C. H. Henry, “ Theory of the linewidth of semiconductor lasers," IEEE J. of 
Quantum Electron., vol. 18, pp. 259-264, 1982. 
50. M. Osinski, and J. Buus, “ Linewidth broadening factor in semiconductor lasers-
An Overview," IEEE. J. ofQuantum Electron., vol. 23，pp. 9-29，1987. 
51. C. H. Henry, “ Theory of the linewidth of semiconductor lasers," IEEE J. of 
Quantum Electron., vol. 18, pp. 259-264, 1982. 
52. T. L. Koch, and J.E. Bowers, "Nature of wavelength chirping in directly 
modulated semiconductor lasers," Electron. Lett” vol. 20, pp. 1038-1040, 1984. 
53. S. Bouchoule, N. Stelmakh, J. -M. Lourtioz and M. Cavelier, "Phase-amplitude 
coupling factor of single-mode gain-switched biGaAsP laser diodes," IEEE 
Photon. Technol Lett” vol. 4, pp. 979-982, 1992. 
54. M. Shell, W. Utz, D. Huhse, J. Kaessner, and D. Bimberg, "Low jitter single-
mode pulse generation by a self-seeded gain-switched Fabry-Perot 
semiconductor laser," Appl. Phys. Lett” vol. 65，pp. 3045-3047, 1994. 
55. 0 . E. Martinez, J. P. Gordon, and R. L. Fork, “ Negative group-velocity 
dispersion using refraction," J. Opt. Soc. Am. A, vol. 1, pp. 1003-1006, 1984. 
56. J. H6rer and E. Patzak, "Large-signal analysis of all-optical wavelength 
conversion using two-mode injection-locking in semiconductor lasers," IEEE 7. 
ofQuantum Electron., vol. 33, pp. 596-608,1997. 
57. K. Weich, R. Eggemann, J. H6rer, D. J. As，M. Mohrle, and E. Patzak, 
"lOGbit/s all-optical clocked decision circuit using two-section semiconductor 
lasers," Electron. Lett” vol. 30，no. 10, pp. 784-785, 1994. 
58. K. Weich, J. H6rer, E. Patzak, D. J. As, R. Eggemann, and M. Mohrle, 
"Injection locked laser as wavelength converter and optical regenerator up to 10 
Gbit/s," in Proc. 20山 ECOC. Firenze, Italy, vol.2, pp. 643-646，1994. 
59. K. Weich, J. H6rer, D. J. As, R. Eggemann, M. Mohrle, and E. Patzak, "2.5-
Gbit/s all-optical clocked decision and retiming circuit using bistable 
semiconductor lasers," in Tech. Dig. Conf. on Optical Fiber Communications 
OFC 94, Sna Jose, CA, vol. 4，pp. 79-80, 1994. 
60. J. Horer, K. Weich, M. Mohrle, E. Patzak, and B. Sartorius, “ High speed all-
optical functional elements using injection-locked semiconductor laser," in Dig. 
14'h IEEE Int. Semiconduct. Laser Conf., Maui, HI, pp. 119-120, paper P19, 
1994. 
61. M. Cavelier, N. Stelmakh, J. M. Xie, L. Chusseau, J.-M. Lourtioz, C. 
Kazmierski and N. Bouadma, "Picosecond (<2.5 ps) wavelength-tunable (-20 
nm) semiconductor laser pulses with repetition rates up to 12 GHz," Electron. 
Lett., vol. 28’ pp. 224-226’ 1992. 
62. M. Schell, D. Huhse, W. Utz, J. Kaessner, D. Bimberg, and 1. S. Tarasov, "Jitter 
and dynamics of self-seeded Fabry-Perot laser diodes," IEEE J. Select. Topics 
Quantum Electron” vol. 1, pp. 528-534, 1995. 
63. C. Shu and Y. C. Lee, "Tunable dual-wavelength picosecond optical pulses 
generated from a self-injection seeded gain-switched laser diode", IEEE J. 
Quantum Electron., vol. 32, pp.1976-1980, 1996. 
64. K. M. Chiu and C. Shu, "Simple configuration to generate short bursts of 
picosecond optical pulses", Appl. Optics, vol. 34’ No. 18’ pp.3431-3435, 1995. 
65. K. S. Lee and C. Shu, "Optical matrix for clock distribution and synchronous 
operation in two-dimensional array devices", Appl. Phys. Lett., vol. 68，pp. 
3528-3530, 1996. 
66. M. Schell, D. Huhse, and D. Bimberg, "Generation of 2.5 ps light pulses with 15 
nm wavelength tunability at 1.3 ^im by a self-seeded gain-switched 
semiconductor laser," IEEE Photonics Technol. Lett., vol. 5, pp. 1267-1269, 
1993. 
67. L. P. Barry, R. F. 0 'Dowd, J. Debau and R. Boittin, "Tunable transform-limited 
pulse generation using self-injection locking of an FP laser," IEEE Photonics 
Technol Lett., vol. 5, pp. 1132-1134，1993. 
68. J. Debeau, L. P. Barry, and Roittin, "Wavelength tunable pulse generation at 10 
GHz by strong filtered feedback using a gain-switched Fabry-Perot laser," 
Electron. Lett, vol. 30, pp. 74-75’ 1994. 
69. D-S Seo, H-F Liu, D. Y. Kim, and D. D. Sampson, Appl. Phys. Lett., vol. 67，pp. 
1503， 1995. 
70. Y. Matsui, S. Kutsuzawa, S. Arahira, and Y. Ogawa, IEEE Photon. Tech. Lett. 
vol. 9，pp. 1087, 1997. 
71. D. Huhse, M. SchelI, W. Utz, and D. Bimberg, J. A. R. Williams, L. Zhang, and 
I. Bennion, Appl. Phys. Lett. vol. 69, pp. 2018，1996. 
72. J. Horer and E. Patzak, IEEE J. Quantum Electron, vol. 33, pp. 596, 1997. 
73. M. W. Sigrist, Air Monitoring by Spectroscopy Techniques. New York: Wiley-
Merscience, 1994. 
74. S. Sudo, Y. Sakai, H. Yasaka, and T. Dcegami, "Frequency-stabilized DFB laser 
module using 1.53159 ^m absorption line of C2H2," IEEE Photon. Technol 
Lett., vol. 1’ pp. 281-284, 1989. 
75. R. Akhmedzhanov, M. 0 . Bulanin, and I. A. Urunov, "Simultaneous vibrational 
transitions in absorption spectra of mixtures of hydrogen with N2O, CO2, and 
CS2 in the gaseous and liquid phases, ” Opt. Spectrosc.(USSR), vol. 65, 1988. 
Figure Captions 
Chapter 2 
Fig. 2.1 The general setup of gain-switching technique. 
Fig. 2.2 Mechanism ofgain switching: The time domain of(a) the applied current, (b) the 
carrier density, and (c) output pulses. 
Fig. 2.3 One ofthe cavity mode ofa FP-LD (a) under CW operating conditions and (b) 
under gain switching. 
Fig. 2.4 The basic idea ofself-injection seeding. 
Fig. 2.5 Mechanism ofself-seeding. 
Fig. 2.6 Solid curve: instantaneous frequency evolution ofa given diode cavity mode in 
the presence of small feedback and for strong current modulation. Dashed curve: 
theoretical frequency evolution corresponding to unsaturated gain. Thinner curves: 
schematic representations of gain switched pulse andfeedback pulse, the latter arriving 
during pulse build-up. T is the period ofmodulation, tj and tz are two times during pulse 
build-up, and tj and t4 represent the beginning and the end of the gain-switched pulse, 
respectively. 
Fig. 2.7(a) and (b) Illustrations ofmodal selectionfor two different arrival arrow points 
to the feedback frequency V/, 1, 2 and 3 are three consecutive diode cavity modes 
considered at time f/, t2, t3 and t4 . Only mode 2 is selected in case {b), while modes 2 and 
3 are selected in case (c). The horizontal arrow in the bottom views represents the pulse 
downchirp during emission. 
Fig. 2.8 Mechanism ofinjection seeding. 
Fig. 2.9(a) Optical spectrum of CW operation ofFP-LD and (b) its injection-seeded by 
an extemal source. 
Chapter 3 
Fig. 3.1 Schematic illustration on the optical beam multiplying stage. 
Fig. 3.2 The diffraction ofthe incident light by a diffraction grating. 
Fig. 3.3 Experimental setup on the generation oftunable single- and multi-wavelength 
Fig. 3.4 Spectral characteristics of the 4-wavelength output. The different patterns are 
obtained by adjusting the grating and other optical elements in the multiplying stage, (a) 
A spacing = 1.32 nm, (b)儿 spacing = 3.96 nm, (c) two pairs ofwavelengths separated by 
7.5 nm and each with a A spacing = 1.32 nm. 
Fig. 3.5 Examples on various combinations of wavelengths in the optical output, {a) 
single-wavelength, (b) 2-wavelength, (c) 3-wavelength. 
Fig. 3.6 (a)The optical pulse without self-seeding. And (b) the optical pulse with self-
seedingfour different wavelength simultaneously. 
Fig. 3.7 The optical pulse corresponding to the single-wavelength oscillation at (a) 
1552.6nm, (b) 1555.26nm, (c) 1557.03nm and (d) 1559.2nm. 
Fig. 3.8. The optical pulses with self-injection seeding (a)&(b) two different wavelengths 
and (c) three different wavelengths. 
Chapter 4 
Fig. 4.1 Temporal separation two neighboring cavity mode in afeedback pulse. 
Fig. 4.2 The generation oftwo parallel and equal intensity beams. 
Fig. 4.3 Experimental arrangementfor the generation oftunable multi-wavelength pulses 
from a self-seeded laser diode. 
Fig. 4.4(a). Two-wavelength outputs tuned by adjusting the optical path difference and 
the operating frequency, (b). The corresponding optical pulses with a temporal 
separation varying between 200 and 1030 ps. 
Fig. 4.5 The relationship between the optical path difference with the wavelength 
separation and the time delay. 
Fig. 4.6(a). Output spectra of single- and two-wavelength oscillations at 1514.34 and 
1525.04 nm. (b). The corresponding optical pulses in the time-domain. 
Fig. 4.7 Output spectra of self-seeded four-wavelength and the two-wavelength 
oscillations, (a). RF frequency = 553.2 MHz. (b). RFfrequency = 664.7MHz. 
Chapter 6 
Fig. 6.1 Experimental arrangement for all-optical wavelength switching using self-
seeding and external injection-seeding ofa Fabry-Perot laser diode. 
Fig. 62 Single-mode spectral output from the Fabry-Perot laser diode (a) self-seeded 
mode at 1526.06 nm (b) extemally injection-seeded mode at 1517.31 nm, 
Fig. 6.3 Optical pulses generated by (a) self-seeding (b) extemal injection-seeding. 
Fig. 6.4 (a) external injection source modulated at 300 kHz, (b) filtered self-seeded 
output at X=1526.06 nm, (c) filtered externally injection-seeded output at X=1517.31 nm. 
Fig. 6.5. The build-up and the decay ofthe self-seeded and the extemally injected-seeded 
outputs. 
Chapter 7 
Fig. 7.1 Principle ofthe generation of multi-wavelength switching pulses by self-seeding, 
(a) Original optical pulse train, (b) Pulse train after a frequency division of two. (c) 
Pulse broadening caused by spectral dispersion, resulting in dual-wavelength switching 
pulses through self-seeding mechanism, (d) and (e) Pulse trains illustrating the 
generation of three-wavelength switching pulses. 
Fig. 7.2 Temporal separation oftwo wavelength components in DCF. 
Fig. 7.3 Experimental setupfor multi-wavelength switching. 
Fig. 7.4 (a) Output spectrum of the two-wavelength switching pulses using 2.5 km 
dispersion compensating fiber in the setup. The individual wavelengths are located at (b) 
li = 1514.33 nm and (c) A2 = 1526.94 nm. 
Fig. 7.5 (a) Optical pulses obtained with two-wavelength switching of the self-seeded 
laser diode, (b) and (c) The corresponding pulses for A/ and X2 as defined in Fig. 3(b) 
and (c). 
Fig. 7.6 (a) Gain-switched optical pulse without feedback, (b) and (c) Self-seeded pulses 
at 1514.33 nm and 1526.94 nm, respectively. 
Fig. 7.7Dependence ofthe wavelength separation and the output SMSR on thefrequency 
ofthe synthesizer. 
Fig. 7.8 Plot of the repetition frequency against the length of the DCF at different 
spectral separations. An inversely proportional relationship is obtained that matches well 
with the simple theory. 
Fig. 7.9 (a) Output spectrum ofthe four-wavelength switching pulses, (b)(i) to (iv) The 
individual wavelengths obtained using a tunable bandpassfilter. 
Fig. 7.10 (a) Optical pulses obtained with four-wavelength switching, (b) to (e) 
Independent access of the four channels. 
Appendix - Equipment Description 
1. optical Sources 
EG&G C86139E: This laser combines a quantum well structure to provide cw power 
upto 30 mW with free space output. The centre wavelength and the threshold current 
at 25 degree are 1568 nm and 30 mA. The longitudinal mode spacing is 0.44nm. The 
laser diode is mounted at a three-axis precision stage and its electrical terminals was 
connected to a SMA connector with resistance matched to 50 Q,. 
OKI OL5201N-5: This laser provides 5 mW peak power in CW operation with a 
pigtailed output. The centre wavelength and the threshold current at 25 degree are 
1525 nm and 20 mA. The longitudinal mode spacing is 0.97 nm. Due to the special 
pin terminal connection, the laser is suitable for the standard OKI impedance 
matching circuit only. 
2. Beam Splitter 
A non-polarizing 50:50 beam splitter was used. The beam splitter is AR coated at 
1500 nm. 
3. Grating 
A Milton Roy 900 grooves/mm reflection type diffraction grating (Catalog No.: 35-
83-*-269) was used. The spectral region is allowed from 400nm to 1.7|im. The 
grating is mounted onto a THORLABS mount which provided 7.5 degree rotational 
range. The optical mount was posted onto a THORLABS magnetic stand with a 360 
degree range. 
4. Dispersion Compensating fiber 
Corning : Fiber number : 5-2063-102 
Dispersion Coefficient = -89.6 ps/nm;Ocm at 1.55 |J.m 
Fiber diameter = 125 \im 
Attenuation = 0.6 dB/km 
LYCOM : Fiber number : DK-SM 
Dispersion Coefficient = -91.8 ps/nm/km at 1.55 |im 
Dispersion Slope = -0.15 ps/(nm^ .km) 
Cladding diameter = 125 [im 
Coating diameter = 245 土 1 0帅 
Attenuation = 0.6 dB/km 
Mode-field diameter = 5.0±0.5 ^im 
5. Coupler 
The three different ratio (i.e. 10/90，30/70 and 50/50) MP Inc couplers was used. The 
input and output ports are pig-tailed and the loss of each port is less than ldB. 
6. Optical Modulator 
UTP(MZ150-080-T-l-l-Cl-Il) in type ofLiNbO Mach-Zehnder intensity modulator 
was used. The insertion loss is about 3 dB and the maximum RF input is +27 dBm. 
Due to polarization sensitivity, a polarization controller should be introduced before 
the input port. 
7. Circulator 
A 1X2 OFR (OC-3-IR2) optical circulator was used. All the ports are pig-tailed and 
the insertion loss of each port is about 0.3 dB. 
List of Accepted and Submitted Publications 
1. C. Shu and S. P. Yam, “ Effective Generation of Tunable Single- and 
Multiwavelength Optical Pulses from a Fabry-Perot Laser Diode," IEEE Photonics 
Technology Letters, vol. 9, pp. 1214-1216, 1997. 
2. S. P. Yam and C. Shu, “ An Extended External Cavity for the Generation of Tunable 
Multi-Wavelength Pulses from a Self-Seeded Laser Diode," Applied Physics Letters, 
vol.71,pp. 3347-3349, 1997. 
3. S. P. Yam and C. Shu, “ Tunable Single- and Multi-Wavelength Oscillation in 
Picosecond Pulses generated by Self-Seeding of a Laser Diode," 3rd Asia-Pacific 
Conference on Communication (APCC'97), AP144, 1997. 
4. S. P. Yam and C. Shu, “ All-Optical Wavelength Switching in a Semiconductor Laser 
Using Self-Seeding and Extemal Injection-Seeding," Applied Physics Letters, vol. 72, 
pp. 1024-1026, 1998. 
5. L. Y. Chan, H. K. Tsang, S. P. Yam and C. Shu, “ Simultaneous Time-Window 
Gating and Wavelength Conversion Using an Injected Locked Fabry-Perot Laser 
Diode," IntegratedPhotonics Research (IPR'98), WB4, 1998. 
6. Sui- Pan Yam and Chester Shu, “ Fast Wavelength-Tunable Multi-Channel Switching 
Using a Self-Injection Seeding Scheme," IEEE Joumal of Quantum Electronics, 
(submitted). 
( 
-. .v _. .. , , . . : ^ ^ ¾ ¾ ^ 
CUHK L i b r a r i e s mwmmi 
D D 3 7 D m f l 7 
